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1. Introduction 


Tue Cascade Theory was first put forward by Bhabha and Heitler (1937) 
and Carlson and Openheimer (1937). It explains the behaviour of the soft 
component of cosmic radiation. For purposes of calculation, the above 
authors made approximations to the cross-sections given by Bethe and 
Heitler (1934) for radiation loss by electrons and pair-creation by quanta. 
Landau and Rumer (1938) have given the exact solution of the problem, 
when the cross-sections for radiation loss and pair-creation are given the 
limiting forms they assume for high energies, i.e., when screening is com- 
plete. None of these authors has taken proper account of collision loss. 
Snyder (1938), taking a broad approximation for the cross-sections for 
radiation loss and pair-cieation, and Serber (1938), with those for complete 
screening, have attempted to take account of collison loss quantitatively but 
their solutions do not satisfy the boundary conditions, either for the case of 
the electron-started cascade, or for the case of the photon-started one. 
Indeed, the proof supplied by these two authors that their solutions satisfy 
the boundary conditions approximately is not valid and, in view of this, the 
reliability of their numerical results is seriously open to doubt. 


A solution for the case of complete screening, also taking into account 
collision loss and exactly satisfying the boundary conditions has been given 
by Bhabha? and Chakrabarty in a paper to be shortly published. In a 
recent paper (1941) Corben has given an approximate solution for the general 
problem, allowing for incomplete screening, by making empirical approxi- 
mations to the Bethe-Heitler cross-sections and also taking collision loss into 
account. His method consists in transforming the original equations into 
a difference-differential equation, of the third order, of a very complicated 


* Tam much indebted to Dr. Bhabha for kindly showing me the manuscript of this paper. 
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type, which is at least as difficult to solve exactly as the original equations. 
An approximate solution is then obtained for this difference—differential 
equation, which leads to his approximate solution for the Cascade Problem. 
As remarked by Corben himself, his method does not lead to even 
a formal expression for the exact solution of the Cascade Problem 
(with his approximations for the cross-sections). Moreover, we have 
no exact measure, anywhere in his procedure, for the degree of accuracy of 
his solution, so that, although his differential equations of the cascade 
may be considered to be a slight extension of the form taken ‘by the previous 
workers, his approximations cannot be shown to be any better than theirs. 
Also, his mode of taking collision loss into account, based on the method of 
Snyder and Serber, suffers from the same serious defects as theirs. 


Summarising, the present position may be stated as follows:—-(a) There 
has been no exact solution of the General Problem of the Cascade Theory 
in which the exact Bethe-Heitler cross-sections for pair-creation and 
radiation loss are used and collision loss is taken into account. (b) In the 
case of complete screening with collision loss, Bhabha and Chakrabarty 
have given a solution satisfying the boundary conditions exactly. While 
their solution can be rigorously proved to be exact, as I have indicated in a 
note in section 7, Bhabha and Chakrabarty’s procedure for proving their 
solution is purely formal. However, their solution gives by taking the first 
term only a powerful approximation and hence is of great value for numerical 
calculation. As already remarked, the Snyder-Serber-Corben attempts are 
very seriously defective. 


In this paper, we have solved the general problem rigorously when the 
exact expressions of the Bethe-Heitler cross-sections, valid over the whole 
range of energy, are used and collision loss is also taken into account. The 
solution for the particular case of complete screening is obviously deducible 
from that of the general case. An approximate solution for this particular 
case, in a form suitable for calculation, is deduced. Further, the exact solu- 
tion for this particular case, satisfying the boundary conditions, is given in 
alternative forms. Also, Bhabha and Chakrabarty’s solution is shown to be 
equivalent to these. It is worthy of note that the approximation yielded by 
using the first term only in Bhabha and Chakrabarty’s solution agrees 
to a high degree of accuracy with our approximations of the same case, 
derived from the solution of the general problem. 


In section 2, a brief statement is given of the general problem of the 
Cascade Theory, with collision loss and with the exact Bethe-Heitler cross- 
sections and the form of its solution. This solution is rigorously established 
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in section 5. In section 3, we state briefly:—{i) the approximate solution 
for the particular case of complete screening derived from the solution of the 
general problem, in the form of a contour integral (ii) the exact solution for 
the same case in two equivalent forms. These are rigorously established 
in sections 6 and 7. In section 4 are given simple, analytical expressions 
approximating to the functions* which are solutions of the particular case of 
complete screening and with no collision loss. These are new and are estab- 
lished in App. | and 2. 


2. Statement of the General Problem and its Solution 


Let P (E, f) dE, Q (E, 4) dE give the number of particles and photons in 
the Cascade Process in the energy range (E, E+ dE) at a depth f, from the 
beginning of the layer. They satisfy the boundary conditions 


P (E, 0) = 6 (E—Ep), Q (E, 0) = 0 (1) 
corresponding to a cascade started by an electron of energy Ey. 


As shown by Bhabha and Chakrabarty, the differential equations of 
the General Cascade Theory with collision loss are 


co 


P,P _ 4 (RIE, U) 
r-B E72 {gu 1) dU 
E 
U-E 
+[ f RU, U-B. (ger) PU, 9. dU 
E(1+8) 6-0 
E 
~ P(E, 1). f —— udu] (2a) 
E§ 
and 
2+ D©).Q= f Sa 8 Pe, t). dU. (2b) 
1 OF 
Here, 
4 2 | 
R (E, U) =(1 -3 ~ +3 7) (x4-+ Xs) — Xo: (3a) 


* The Mellin Transforms of these functions were first given by Landau and Rumer. 
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x, (p), X2 (p) are monotonically continuous differentiable func- } 
tions defined in 0 < p < co 


x, (p) > 1, Xz (p) > § a, as p > 9, 
Xy (p) and Xe» (p) — 0, as p —_> co 5 





and | (30) 
‘ k. U asi mc? | 
P= ET UE] with k = 100. 7H’ 
and 
- I - 2 
“= 9 log 183 Z-* 
E . 
D (E) = f ae (3c) 
0 


Eliminating Q from (2a) and (2b), they become 


d 


t co 
.— 8 a f dt, f ¢, (V, E, ,; — 1). P (V, t). dV 
CY) E 


E 


+[f awpegow—-reo f seve) (a 


6-0 


E(1 +) E6 
where, 
. Vv 7} 
dy = f R (E, U). R (V, U), e? 4-9, dU, 
E 
ap. ee EAS 
$:=R(V,V—E).(“\a~), -— 
rn R (E, V). V, ©) 
ron E2 a. 
and 
U 
D (U) = f R (V, U) dV. 
U } 


0 


In the case of complete screening, given by p — 0, the equation (4) takes 
the form 


o 








let 


an 
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Poe f tf Ov E, t,—1).P (V, t)).dV 


[ (4 (V, E).P(V, ) dV— PE, 2). fae V) av] (6) 


L. (1+6) 
fer 
Vv 


2 tiv ’ 9 . 
ra oot » F [Ut+a (E?— BU)] [U2 + «'(V?—VU)LT 





_(V—E)?+a' VE 
$2 (V, E) = V?(V—E) > ’ 
= Vv? T a’ (E—V)'.E 
$3 (V, E) 4 E°V : ’ 
nd 
7 «a 
DE5-% 
ith 
9 
a i a 








Let S (E, t)® be the solution of (6) when 8 = 0, with the initial condition 


S (E, 0)= 6 (E—Ep); (8a) 
let S, (E, t)* be the solution of the same equation, with the initial condition 
S, (E, 0 )=8 (E—1); (8b) 
and let 

@ (E, t)= P (E— ft, f). (8c) 

Then, in section 5, I transform equation (4) into 

l 

9 (E, a)=S(E, a)+ S a fs, ( E,a—1). FP). (9) 


where F is a functional involving A and other known functions, and show 
that the exact solution of (9) is given by 


Y (E, a)= 2, (E, a), (10a) 





° The exact solution of (6) with g — 0 has been given by Bhabha and Chakrabarty and by 
Landau and Rumer (Proceedings of the Royal Society, 1938). 
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where 


Z,=S(E, a), Z,= f ar FS, Cr a—t). F(Z) (10 
i) E 


forr>0. 

(10a) is obviously the formal solution of (9) and its exactness is estab- 

lished by proving the term by term integrability in (9) of = Z, ind<a < 
0 


8 


and Ba < E< E,, so that* 


P(E, @=~ 2 2. Ba, a). (11) 
0 


3. Results for the Case of Complete Screening with Collision Loss 


(a) In the particular case of complete screening, viz., of equation (6), 
the exact solution is a particular case of (9). Neglecting terms of order 
B2a°, it is shown in section 6 that equation (6) is satisfied by 


Tt+ico 


. l Eo \¥ Sr. . Bals— DN ~ 
P (E, a) —— 27iE, f (=) ft (s, a) T a (s i, a) 
o-ico : 
- B s—) f fi (s— 1, a). fy (s, a— ft) dt \ ds, (12) 
Ey : j 


where 


As, a= f S, (E, a). E’-!. dE, ando > 2, 
0 


S, (E, a) being defined in (85)—(as the solution of (6) with 8=0). Between 
this approximation, viz., (12), and Bhabha and Chakrabarty’s approxima- 
tion with their first term, there is complete parallelism to the same degree of 
accuracy. 

(b) In this particular case (i.e., of complete screening), the exact solu- 
tion satisfying the boundary conditions, viz., 

P (E, 0)= 5 (E— E,) 

and 


4 That (10a) is the solution of (9) is established by the classical method of dominant series 
in section 5 and Appendix 4. 
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can be put in the following equivalent forms :— 


(i) P(E, = rik, f tE a] e (era) ’ e oo af 3 


io l 5 (90 Ay” jf 
(ii) P (E, t)= TniE; {¢ is -F) , Big, (s, 0} ds. 
¢ 


0 





The equivalence of the above to Bhabha and Chakrabarty’s solution is shewn 
in a note in 7. 


[0,, ,, C, etc., are defined in 7.] 


4, Approximations for the Case of Complete Screening neglecting Collision 
Loss 


In order to establish the validity of solution (10a), it was necessary to 
establish, abschatzungen for S (E, ¢) [defined in 8(a)] throughout its range of 
existence, as the approximations given by previous workers are valid only 
for certain regions. During the investigation, [ obtained some new interest- 
ing results, which are established in App. | & 2, and are given herewith. 
Let 

E 
| = y. 
oe; =) 
Then, for 0 < y < yy and ¢ > 0, where yy is some positive constant, 


2 alt 
iaiieidna “ iti (| -3) + e- * (My y?-+ Ma y!*o%} 


co 


" Ds x? (2? + log? x) = (13) 





0 
where M, and Mg are bounded functions of y and ¢ in the region concerned, 
and ky a positive constant. 
a’ and D are as in (7) and 


” 


a”"—a’ (y—1)+ 4, y being the Eulerian constant, 


D, = evia’ 
For very small values of y, the last term of (13) is equal to 
em J Ut); 13 
ae’ © log*y i+ 95 (13), 
Also, 
S(E E v4 © — 1 V 
” salt — = a 
(E, t). E,s=) ae ( 5 


) + (K— (y) )y. t. 
r 


+ yt{Ms.y+Mgy.? (14) 
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co 


~ dx 
= a’ f x (7? + log? xy 


i) 
E (y) being negligible for small y, and Mg; and M, being bounded functions 
of y and ¢ in the region concerned. Formula (14) gives one a good picture 


of S(E, t) near (y=0,t=0) and formula (13) does the same for all t— 
(of course, for y < Yo). 





When ¢ is fixed and y is large, 
=! a (i < € ). at (3/22!3) it p)2 3, yl sy, 
where 
p= Vv (2a’ D) and «(y) > 0 as y > 0 
Note.—On looking into Bhabha and Chakrabarty’s paper, I[ find that (15) which has been 
obtained by the method of residues by me is contained in (32) of their paper, which they 
obtain by the method of steepest descent and there is an overlapping of (33) of their paper with 
the first term of (13). However, (32) of their paper is definitely invalid in two cases, viz., when, 
(i) y is large and t —->0, (ii) y is very small for any f¢, as the authors themselves are aware. For 
the case (i), Bhabha and Chakrabarty themselves have given another approximation which is 
valid. For the case (ii), (13) and (13), give the correct approximation. From (15), it is obvious 
that the omission of the non-exponential term leads to very serious errors when z is fairly 
7 


large and hence Landau and Rumer’s calculations are very seriously defective when - 


is large. 
t 


5. Exact Solution of Equation (4) of Section II 
Consider now the equation (4) of the General Cascade Theory and the 
functions that occur in it. 
Let 
xX, + Xo = X3. 
Then ¢, (V, E) can be written as 


x(k. —F) ~x@} 
fms = ef (-Sy2a) -a}o§ Se 


= &,(V, E) + v=E 
where 


a! = 3 x4 ()= 3+ « by (3d). 
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Similarly 
$3 (V, ng 


“ER FE {(C-3 v) “(Ee (E—V) - (rae (E— w)} 


j 
bee v) = ¥5 0} 4x30) 
so" 
= & (V, E)+ 5 (17) 


Here €, and é, are continuous functions in [0 < E < E, 0 < E < V], where 
E is some positive constant < Eg. 





ga (4) can now be put as 
. 


pe - 6, (E). P(E, + a’ [ F M i log 5.P(E, | 


E (I +6) 


+f é,(U, E) P(U, ) dU 
E 


t 


+ f dn f iW, E, t;— 1) P(U, t,) dU, (18) 
Q E 


where 
E 


. f &, (U, E) dU. 


v0 


Let 

A (E, t)= P (E— ft, 2). 
Then, by putting E—f¢ in place of E, it can be easily shown that equation (18) 
becomes 


+ $, (E—8?) ; PD (E, 1) 


+ a’ | f ee dU + log 8, P(E, 9) 
+8) 


(8 > 9) 
E( 


+ f £,(U— Bt, E— Bt). A (U, t) dU 


E 


+ f de f U— Bt, B~ Br, t, ~1) DU, t,) dU. 


e) E-8 (¢—t) 
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It is to be noted here that the corresponding differential equation of the 
Cascade Theory for complete screening, when B=0, derivable from (6) 
can be put as follows 


oP ~ P(U, 4) 
>= a’ 5) PE, th+a’ ie Ua E dU + log 5. P (E, | 
+§) 


3720 
E ( 


- Fh Pwo. au+ f dt, f AVE 4-9. PU, 1,). dU (0) 


0 


[¢1 is defined in (7)] 


The exact solution of (20) has been given by Landau and Rumer, and also 
by Bhabha and Chakrabarty. 


Now (19) can be written as 
DM sl , ; “PD (U, 0) - 
1+ (5-2). PE D-a [ f “UE. WU + logo. PE, | 


E (1+) 


co 


“ir U - Gh Pp (U, t) dU— Saf 4, (U, E,t,—0);A(U, ty), dU 
E 


a’ log E— = 3) + $4 (E- B+ (5 ~a')]- PE0 


“fl (U-r, E-py- 172+ F Gr} PU. 0.« 1). dU 


E 


E 
+ f dt, f : $,(U— Bt, E— Bt, t, — ah P (U, t,). dU 


fr.) E-p (¢— ts) 
+ f dr f {aU Bh E— Bt, t,— 1)— 4, (U, E, no DU, t,)dU © (21) 
0 E 


Let L (E, t) stand for the left-hand side of equation (21), and F (P) 
stand for the right-hand side of (21), F (W) being obviously a functional in 
@ and other known functions. Let S (E, ft) be the solution of L (E, )=9 
with initial condition S (E,0)= 8 (E— E,) and S, (E, 2) be also the solu- 
tion of a (E,2)=0 with initial condition S, (E,0)=8 (E—1). Then, 
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I have established in App. 3, 





. d E dU _ 

sass (FG a-*) LU, 0. GF = PE, a) SE, a), (22) 

i) E 
so that equation (21) becomes 

; _ r rw == * dU 
sie P(E, a)=S(E, sil led Ses (G 2-') FAS. (23) 

Let 

Zo S(E, a), Z= f at fs (5, a- 1): FG). (24) 

i) E 


It is obvious, as pointed out in section 2, that 
YZ, (E, a) (25) 
0 
is a formal solution of (23). The term by term integrability of = Z, (E, a) in 
° 


equation (23) in the range Ba < E< Ey, and 0O<a< ° is established by 


the classical method of dominant series in App. 4, thus establishing (25) 
as the solution of (23). From (25) it follows that 


P(E, a)== Z, (E+ fa, a) (26) 


which gives the exact solution of the General Cascade Equation (4) with the 
initial condition 
P (E, 0) — 5 (E— E,). 


Note.—Since Z, = S (E, a) and S (E,a)=0 when E > Eo, the upper limit infinity in the 
right-hand integral of (23) could be replaced by Ey. If S and S, were throughout continuous 
since F (GJ) is a continuous functional in the range g a < E < Eg, there would be no difficulty 





co 
in establishing the exactness of the solution X’ z, in 8 a + E< E < Eg, where E is some positive 
0 


constant. But we know that in 0<qa< a both S (E, a) and S, (E, a) have an infinite dis- 


continuity at E = Ey and E = 1 respectively. Hence there is need for establishing S Z, as the 
solution of (23), which is carried out in Appendix 4. 


6. Solution of the Cascade Problem with Collision Loss when Screening is 
Complete 


The complete solution of the above problem i.e., of equation (6) is 
obviously a particular case of (26), obtained by replacing the functions ¢ of 
(5) in (21) by ¢’s defined in (7). But we are here interested in calculating an 
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approximation to (26) omitting terms of order (87a°). We proceed h>rewith 
to calculate Z, of (26) for this case. 
Let *° > a>0, Ba+ E < U,V <E,and0<t4,<t<a 
(E some positive constant) 


Consider now ¢, of (7). Then it is easy to see that 


1 U 
i (V, U, t,— t)= e? 4-9. Vv (y 
where % is some function of the ratio >: 
d1 (V —Bt,, U— Bt, 1 — )— fi (V, U, 1-8) 
- a i § U-— Bt 1 o U L 
eo ta (Vom) v— pe, ¥ Cv) vb 
=) ed(4 -*), B a , U ied 
v2 fa [¥(V)+y ¥ (Y v)| head v)} +9 ee 
= 0, (V, U, t, 0), (29) 


1—a’ V—ft 1-—e ,U f,_., 28 ‘ 
V—pt (V—st? V bya=(2 linia ir +0 (Bt?) (30) 


- 0,(V, U, 1), (31) 


and 


and 
U =f. 


log y= Bi + 0 (B*t*) (32) 


Further, it is obvious that | @,|, |@.| and log o Bt are all of order 87 in this 
region (33) 
Now, in this particular case, from (24) we have 


zm fat 5 (G a—t 7 [e "(los yar =a)’ Zz, ... ft + 


co 


f 9. (V, U, t) Zp-1 (V, ty dl 


U 
U 


U 
+ f a ds (V— Bly, U— Bt, y— 1). Z,-1 (Vt) dV 


0 U—B (¢—#1) 


t co 
+oad 6, (V, U, 4, ) Z,_,(V, 1) dV] 
0 


= J; (Z,_1)+ J, (Z,_-)+ J; (Z,_1)+ J, (Z, _1). 
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On account of (33), we can easily establish that in this case Z,= 0 (p’t*’), 
from considerations similar to those of App. 4, (35) 


so that for our degree of approximation, we need calculate a part of Z, only. 
4 
Now, Z, =2 J, (Zo). Since d, (U, U, t;—- t)=0 and since in J; the 
1 


range of V is of order 3f, 
Js (Zo) = 0 (B7a*), 


so that we may neglect J;(Z») in the calculation. Utilizing (28) and (30) 
and (32), we therefore obtain, correct to (8?a°), 


= Ag ot a’ Bt ” 
p (E, a)= S (E, a) f dt fs (os a t) - S$ (U, t)-+ 
2U 


fone PbO SOO), 


aT (Vt 9 2S (V, 4) dv] (36) 
== § (E, a)+1,+ I.4- Is. (37) 


j 
It is to be noted that the integrals I,, 1, ], are faltung functions and are 
therefore more simply expressible in terms of their Mellin transforms. 
Let 
co 
f(s, O= f S, (E, t) E°-+-dE (38a) 


0 


d= f S (E, 1) E'-! dE. (385) 


It can be easily proved® that 
f(s, t)= Ey’-* fi (5, 0) (39) 
Now we shall prove that the right-hand side of equation (36) is equal to 


| AOR " f . | Ba Z é, 
Tai, f (E) [AGO+ F6-DAG- 1a) 


tS Shon a~ fils, dth ds (40) 
(¢ > 2) 
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Proof of (40): 


Let A, B, C, D® be as defined in App. 1. The Mellin Transform of 
I,+ 1, can be easily shown to be equal to 


a 


2—a’ 2 
B Eg -* f t.fi(s—1,0f (s,a— pfa+= aaeate i: (41) 





i) 


and the Mellin Transform of I, equals 


B(1—s)E,°-? f dt (e-BLING, a—t) f,(s—1, t,) dt, 
° ° 


—~p(I-3) =? f tdt f et .(B. VC.) fi (s,a—D. fs—1, tydt, (42) 
0 0 


= 8 (1—s) E, ~? (J,— J.) (43) 


It can be easily proved by change in the order of integration that 


t 


1,= f fi(s—1,a—D(a— dt f e-9-(B,C). fi (st) dt, (44) 
0 0 


We know from Landau and Rumer’s work that 


oS (s, + As fi (s, t) a fee, Cy). At (s, ty) dt,, 
0 


so that 


J,= fa (s— 1, a— t) (a— #)- La hls th+ A,. fi (s, o} dt (46) 


HA f AG-1)-fisa-.td— Ff (5-1) f(ssa— Ate 
° 0 


In exactly the same manner, it can be proved that 


J,=A,_1 ; fi(s—1,t).f, (s, a— t). tat ff (s,a— = fi(s— 1, t). t dt (48) 
° 0 ; 





5 See Landau and Rumer’s paper, Proceedings of the. Royal Society, 1938. 
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so that the Mellin Transform of I, is equal to 


B(1—s) E,’-? (A.- Ad fs (s—1, 1). fi(s,a—t). t dt 
ce) 


~f0g {flsa—dfie— 10 dt. 


0 


Now from the definition of A in App. 1, we get 


st a — « . Cee Po 
(I-s) (A,— Ava= — | (1 3) +a65 DF 


so that from (41), (49) and (50), we obtain the Mellin Transform of 
I,+1,+ I; to be 


B(s— 1) Bet ft Ff isan A, (s- Io! dt 


° 


= B(s— 1) Esha. f (s— 1, aff (s,a—t) f, (s—1, 4) ar, 


since 


Si (s, 0) - 1 
so that, 


P(E, a)= 5 rz, { ( GC) {fi (s, ate (s— 1) f, (s— 1, @) 


4co 


- £&— » f f(s, a— Df, (s— 1, att ds 
Replacing E by E+ Ba, we obtain 
P (E, a) = <—— ef (E) ’ ) {fh (s, a) +e (s—1) f, (s—1, a) 


= B(s— my? (s,a—tdf,(s—1,9 ar\ ds 
Ey 


thus proving (40) and (12). 
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The Exact Solution of the Cascade Problem with Collision Loss (when 
Screening is Complete) in other Forms 


In this case, the form of the cross-section functions makes it possible to 
give the solution which satisfies the boundary conditions exactly in the form 
of contour integrals where the integrand can be defined in a simple form. 
The approximation given in § 6, for this case, besides being highly suitable 
for calculation, is highly suggestive that the exact solution of this case must 
be expressible in the form 


f F (E+ t, t, s, 8, E,) ds. (56) 
Cc 
We shall show here that it is so and that the exact solution satisfying the 
boundary conditions is actually given by 
I (Eo Y fer BY W+r.g 
P (E, t)= TE, J \E+ ais Ere s (s, o} ds (57) 


where 


-l 
6, (s, t)= = Shas t): oa Os t), > —+ ooo tl —— 8F fh i a} (58) 


and , (s, ft) is defined by 
by (8, t) =f, (s, 0) as in (38a) 


and 


%, (s, t) = f do (s, = ty) p, (s+ ., ty) dt, 


(The contour C will be defined in the course of the argument.) 


However, it is simpler to show that (57) is a solution of (6) by putting 
it in the following equivalent form (the equivalence is established in (65)):— 


| E,\’ > aa le 
P(E, = se f (2) 2 (- 5) SET wy (5, a; ds, (60) 
Cc 


where the contour C is as follows 





i H—co 


—iH—eo 





H being fairly large and o being > 1. 
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It is easy to show from the definition of 4, and yo, that 


re d p 
(sa HA+ D),.~5,+ (AD— BO),.,) dy (s, )=( 5+ D) op-1(s) 9) (62) 


where r > | and A, B, C, D are as defined in App. 1. Making use of this, 
it is easy to show that for any fixed value of s, the integrand in (60) is a formal 
solution of the integro-differential equation (6) (i.e., of the case of complete 
screening). Now, from App. 1, we can easily prove that 


et me 
ib, (s, t) s (1 i €,) 5 ir? (63 a) 
where s is a point on C. ; 


Let Bt < E. (636) 


Then we can show that the series which forms the integrand in (60) is uni- 
formly and absolutely convergent so that it becomes an exact solution of (6). 
We express the integrand of (60) as 


Sa $ ois vr. ry sr . Hr, (S, 0) 
Ey {2 rey Fp a- aye) _ 


and show by rearrangement that it is equal to the integrand 


at {F ¢- Ber. ee 
0 


qs (&— 80’ F8f (65) 
of (57). The justification for this transformation comes from the absolute 
convergence of the double series we get by expanding (E+ fr —-Bt)-’~ in (64), 
easily proved by making use of (63a) and (635). In the form (65), the 
restriction 8t < E should be replaced by the natural one E < 0 [(65) being 
valid by the principle of analytic continuation for E> 0]. Making use of the 
results in App. 1 in order to make the integral (57) on C uniformly 
convergent, it will be sufficient if 
ae ae 

where K is some positive constant depending upon H. So that, the integral 
(57) will be the exact solution of (6). It is to be noted that when f¢ is very 
small, the solution (57) will be valid for a cousiderable region of energy. 
Further, since f, (s, 0)= 1 when t= 0 


P (E, 0) = 5 (E— Eo) (67) 
So that, the boundary condition will be exactly satisfied by the solution (57). 


Note.—The restrictions (i) that Bt should be < E in order that the 


integrand in (60, should be convergent and (ii) that Bt should be 
A2 
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< {((E+ 82) log (Eo/E+ 8d}/K so that the infinite integral of (57) (on the 
contour C) should exist are only sufficient conditions which I have deduced 
from rough calculations. Probably, with finercalculations, the restrictions may 
be liberalised. From these rough calculations, it is possible to show that when 


t> i the infinite integral (57) will be uniformly convergent for all 
GO< E< Es 
Note on the Bhabha-Chakrabarty Solution of the Same Problem 
Just as we obtained (57) from (60), it is possible to obtain Bhabha and 
Chakrabarty’s form from (60). Let fe e ) 


shown that for small ¢ and large s, g (s, ft) ~ t. In view of this, writing the 
integrand of (60) as 


=g (s,f). Then they have 


2 _ aye. IS+r. b (st) 

Fe Os” EF BE Ba) rts " 
and rearranging the expansion, we obtain, 

Ses ar. Is+r f , (S, t) 

aE, B Is (E+ Bg)’**” (69) 
where 

¥ | 
br (8, = (Hols. °F, th (8,0 T+ +++) (10) 


and Bhabha and Chakrabarty’s form will be 


Ey _\' B* do (s, )|Is$2, 2 
sie, J (css) {bo (s, t)+ (E+Bg)* es pas (71) 


I wish to thank Dr. Bhabha for suggesting the problem to me and for 
many helpful discussions. 


Summary 


A general solution is given of the integro-differential equations of the 
Cascade theory for given boundary conditions, using the exact expressions 
of the cross-sections for radiation loss and pair-creation as given by the 
quantum theory and also taking collision loss into account. In the parti- 
cular case of complete screening, an approximate solution is derived in a 
form suitable for calculations. The exact solution for this case satisfying the 
boundary conditions is given in two other equivalent forms, and it is shown 
that the solution of Bhabha and Chakrabarty is completely equivalent 
to them. 
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APPENDIX I 
Proof of the Results stated in § 4 


Here, I propose proving (13), (13), and (14). Following Landau 
and Rumer, and Bhabha and Chakrabarty, if 


=) 


f(s, = f S (E, f) E™ dE, (72) 
0 
where S (E, 2) is the solution of equation (6) with B= 0, then 
vL( 9 4(4+ D) Y+ (AD— BC) f=0, (73) 
where, 
a seme s l =. } 
—_ {4 y—1+ b+5- rer | 
wy ft a 
eae OE ST GED} C- EY ~s(s—1y | (74) 
oe » 4 - 1 : 
D= 967 8 = 34% = Fog 183 258 j 
Then, 
T +tco o +ico 
Eo S (E, j= a2 [ f e- +s ds -- f D—u (e“ a e~*) es ds | 
2mil ) Ap 
= T,(y, 0+ T2(y, 2). 
Here, A and p® are given by A+D+ Ye BU and y= log _ 
anda > | 
We shall here show that for 0 < » < yp (some constant); 
, -_ ; a’t—1 eal nae ba oe rs 4 yet . ° 2! 

T,0,0=) anc (1 5) + O-M-e**-t+) ie (76) 
where | 8] <1, M and k, are some positive constants, and a” = a’ (y— +); 
and that 

Te (y, t) os [k o. (y)] yl + yl {M, yr M,}, (77) 


§ The roots \ and y, here, are the » and 4 of Bhabha and Chakrabarty. 
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where 
dx 


ee ce ates ers UE ¢ = a 0, 
x (77+ log? x) e(y) > Oas) 
and M, and M, are bounded functions of y and ¢. 


We shall also prove that 


2 —(y D3x+ 1) e-¥P* 
‘we ) —- y— Dé ——— : Zar ix 
2 (y, 2) aD, . f x* (7* + log* x) ni 


+ Me-*# (0, y!+@"-+ Dyy?) (79) 





D a 
where D,= e#’, M and k, are some positive constants and |9,|, || <1 
valid for0 < y < yy and t > 0; and for small y, the first term on the right- 
hand side of (79) is equal to 


ae Mee + «Oh 0) 


where « (y)—>0 as y +0 
Proof of (76). 


Let o be taken so great, that for R (s) >a, 


BC =0 (2) Asa" +a’ (log s+ 5) +0 (<:) 
A= A+ he +0(¢ ae =e’ +a’ (log s+ 55) +0 (<2) 


p= be OF)» of 2.) 





BL _ 2 a 0( il ; 
= 3 7 3 = ae 
a’ts? (log s— >) pili ail 


Take o so great that for all y in the given range O < y < Yo, log(*) has 
| 
a positive lower bound on R (s)=«o. Then, putting y s= s, in the integral 
for T, (y,/), we obtain 


o+i an 


1 om S—t]a’+a’ log ee) b= as . 
T, Y, = —— f e | a "as (82) 
c o— ico 


= yet— ‘ we i -e- ds (83) 
2a so? ; 
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where, u= — | + 0 (2a )}: 


Now, we can put T, as follows: 


T, = ye" -t-e- 0" _ f at (e“— 1—u) ds 
= 
" im sa? =(! - 5) “ 


ane e ~“ty® 84 
tof = 0(Sr) ay ( 
= ya'i-1.e-avt (T3+ T,t+ T;) 
Since 


Jetta ul=| f eum aael, 


0 
and the real part of u <0, we have 
je“—1—u| <|u>I, (85) 
so that, 


oe +ico 


Tal < Myer yt |ds|_ . 2. ‘a 


a GA 
go —tco 


Similarly 


\Ts| < otal 9 


(if a’) oreo or 
where M is a constant. Since o can be taken as larg: as we like, we have 

\(T3+ T;) e-@” | < M-t-y?-e**, (88) 
Mand k, being some positive constants. 

By a deformation of the contour, it can be easily proved that 
T, yt 

la't 

From (88) and (89), we derive (76). 


Proof of (77): 


Let 
ri | ( Sake ute dS do — D—p gril 
i ed c 


=P,—P, 
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Then, P,; and P, can be put as follows: 


Saas 1 D—p ys an D—p dt, eer 
P;= FT [ f — —" (e~-”— 1+ pt) ds+ {Pate (1 a) ds] 


= Py’ + Ps” 


(91) 


ic 1 D—p ys o ys 
Pia f — =; (e- Lt ayds+ (= e (1 ) ds] 


—_ Pr, + Pp,’ 
Let 
‘= Pp’, oe Ag 


ys 
= 5 fo- p) e” ds. 


By the relations (81), we can put 


, 2t i - 1 
Pim soe a dsse fe 0 (stops) 
- s? log = 
D 


3 


=P,” + P,’”, (Ds= cD’) 


(92) 


(93) 


(94) 


By methods similar to those employed in proving (76) we can easily establish 


that 

|P3’|, [P4’| < M-y-t?, 
and 

|P.’"| <M.y?.t, 


where M is a positive constant. By putting p= Sis 
3 


a eyDss 
Pt" FB, ae f *ogs “ 


and 








o + ico co 
oP,” 2t eD3s d 2t tthe 
ote. 2B 7 = s 
dy 40s oa Dah slogs a f x (7? + log? = 
° 


o—- 4«o 


(55) 
(96) 


(97) — 


(98) 


the latter result being obtained by a deformation of the contour of the first 


integral of (98), so that, since 
P," O, 2)=0 
we have from (98), 
P,” (y, )= yt [k— € (y)], 


coo 


dx 
x (7? + log? x) 





, and e(y) >0asy—0- 


From (95), (96) and (99), we obtain (77) 
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Proof of (79) and (80): 
Now, P; of (91) can, by use of relations (81), be put as 


2 e” —pt 2 e” a 
Pm [& ofS: —* fsa — 


+f e~ H+ 95.0 (=): ds | 


= I,+1,+ I, (100) 
Then, ’ . 
7 e-D oS 
i, a [ f — io f ev -0 (5):45] 
aa s? log? . 
£ Ds; 
-],'+ 1,", (Ds= e?#’.) (101) 


By methods similar to those employed in proving (76) we can establish that 
iI|, [Is] and [I,"| <M e*¥-y? (102) 


where M and k, are some positive constants. As in the proof of (77), we can 
easily prove that 


5 2 ~yDs* 
I',;= ~ f l (1+ y Dx) e d 





~ a’Ds x? (2? + log? x) (103) 
0 . 
and for small y, 
ee y 
I = _ log » 2y | +e (y) ] (104) 


From (102), (103) and (104), we obtain (79) and (80). Combining (76), (77), 
(79) and (80), we obtain (13), (13), and (14) of section 2. 
APPENDIX 2 


Here, I propose proving (15). The symbols A, B, C, D, A, u, S (E, f) 
e‘c., are the same as in App. I. : 


We shall first show that 
E, S (E, t)= the sum of the residues of the function 


A—D ia is is 
at ee} = hGwoe (105) 


ats= 1,0,—1,—2,-::,—4A, etc., 


and that for fixed ¢ and large y, the significant part of Ey S (E, f) is given 
by the residue at s= 1 


Let I= (imaginary part of) and R = (real part of). 





218 K. S. K. Iyengar 
Lemma (1). 
Let 
\I(s)| >A >O. 
Then, 
7 = log s+ 0 (1) (106) 
Proof of (1C6): 
Let 2 >o> 1. Then we know that for R (s) < o, we can find a positive 
integer p, such that 
¢<R(s+p) <ot+l. 
aie $,=S+ alg we have 
ew. 6 ik ae sy. 
Let R Pel and I (s,)= 1, where |u,| >A. Then, 


oy _ 4 P— Os (p—9,)? + u,? 
R (25 =o Go) a? =3 log (ic arre | +o ee 


and 


os a Uy cs 
1(4 z=5) = - 27 - 0 (1), (109) 


(r—o,)?+ 4,2 


and 


oer log {o7, + uw} + 0 (1), (110) 
“1 


so that 


“ 


— 5 log {(p—0,)?-+ 0,3 }+0(1), 


=log s+ 0 (1), 
thus proving Lemma (1) 
Lemma (2). 
Let 1 <o <2 and R (s)=—n+¢, and {I(s)| <A, some positive 
constant. We shall prove that in this region 


\s" 


s = log n+ 0 (1) (112) 
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Then, 


_|sy - ae I ae - 
“a a” ee 
Since 1 (s))| <A and R (s,)=<a, it follows 


L =logn + 0 (1) (114) 


in this region 


Consider now the integral ( f(s, t) e% ds along the following contour 


rt 


BJ~—- 


(115) 


By 








x¥=—n-+oe 


Also let 1 <o < 2. Co-ordinates of B,= (— n+, A); 
co-ordinates of B, = (— n+ 0,— A); 


the arcs B, A,, B, A; being arcs of circles with the origin as centre; 
A,G A, being the straight line x =o and B, B, being the straight line 
x=—Nn-+ a, 


Then, since by (81) of App. | and Lemma (1) 
A= a’ log s+ 0 (1) 
u=D+0(1) 


and 


A— D ] 
700, 5 = a ( Togs) 


we see at once that for t > 0, 


fi, )= 0(7; =a) +0 (stots) 


\ for |I (s)| >A 
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so that, by the well-known Jordan’s Lemma 


f(s, t) & ds and f fils, t) &% ds (119) 
A,Bi A1B1 


tend to zero asm eo. Similarly we show that 


fils, ) ee” ds +0 as n > co (120) 
BiBi 


Hence, from (119) and (120), (105) follows. 


From similar considerations, it also follows that if 0 <«o, <1 and 
A> 90, 
—#At+a, tAto, +A~-co 
E,. 8 (E, t)= rail + f + {#6 t) e”” ds| +- residue at s= | 


-iA-— co -iA+o, iA +d, 


L +k + Ik + residue at s= 1 (121) 
On the lines y= + A, f(s, 1) being bounded, we have 
:* You 
j1.+15| << M-° f e” dt= we (122) 


and | f, (s, t)| being regular on x= a, we have 


is ; 
|I,| < f lf, (s, | ds < M.e?™, (123) 
—-A 
so that 
E,'S (E, t)= 0 (e”") + residue at s= 1 124) 


Estimate of residue at s = | (for fixed t and large y) 
Writing s= 1+ Z. 
Now, in the neighbourhood of s=1, we have 
; a’ 
8a (1 —_= =) a 
Z 


(A— D)?+ 4BC= +2 a, Z*, (125) 
QO 


so that 


2 V(A-DA+4 BC}= 55+ 58,2, (126) 
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so that 
A-D si 
soe! Wes es . 
A—D > +5, +3 By Z 
A-—-D 
p— D= 95 5-2 By 2, 
and 
2» + = (127) 
le n-} 
A— p= yt DE By Z 
o that 
A—D 1 - 
bd | 2, 
—" =5t2 Yn Z 
where 


and J a, Z", = B, Z*-3, Dy, Zz are all series convergent in a circle of some 
positive radius, so that |a,|, |8,|, |y,| are all < k,” (k,, some positive con- 
stant). 


Now the residue of f, (s, t) e”” at s= 1 is given by taking the integral 


of (e™ = ime along a small circle round the point s=1 or 
Z= 0; i.e., the aaein at s= | (128, 
1 


lai 


. if 5 (142 _ Z-™9)- emyatt® Be Z"+y+2) dz, (129) 


(two rounds of the circle round Z= _ 


=a f (+27, m2). 7g +Zy -dZ, (130) 
(two rounds) 


where y’,, Z”/2 converges inside some circle round Z = 0 larger than the con- 
tour circle. Putting yZ= Z?,, the integral becomes 


e” 4 _ePVV172 e” 
rats f (1 +2 nis Z,")-e % +4 -Z,-dZ,= yp 10s. (131) 
(one round) 
Let —tp Vy =u. Then 


Z-ect?* = 5 Sm + 1) which is regular }, . (132) 


1 
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where i 
— | se. ere 
&a (w= ur JE Pernt Ips 
so that 


10, )= 81 +2 ge (u) +--+ + Be w+ 


We shall here show that for fixed ¢ and large y, 
I (y, t)=g, (u) (1+ ©) 
~ 
Lemma. 


Let 


F(X) = 2 dyx" = Ia 
Then, for large x > 0, 
P l b Pai -1/6 ; 
fe) F235, F102, 712 © x (A+ ¢) 
where 


bh - 3-2-218 


Method of Proof: By a method entirely analogous to that of 72, of 
page 12, of Polya and Szego’s Aufgaben and Lehrsatze, Vol. 11, by comparing 
nN 33 
the given series to 2h “ where a== 5, we obtain the result. 


* * * * 


Let f, (x) =f (x?); then it is easy to recognise that 


g, (x) f fi (t):(x— 0d) dt and g, (x) of Z,-1 (x) dx, 


is) 
so that g, (x) can be proved to be 


2/3 
- M-e?* *xU3.(] -+- &) 
where 
M 1 


~ Sais. Zi 2,178 ° 


We shall here show that, 
1 
g, (x) < Mg.-g; (x): ." 3 (Mz some positive constant) 
Now, 
2/3 


=! 
£1 (x) < M, -e”* U3 
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so that 
7 . 218 
£:= f g,dt<M, 5 e*  « xlld. dx 
we 0 
2 23 F 3 
= M550" ana t ba +13 dl 
< 3 a. fx? 2/3- ; 
<p ees. (141) 
and by mathematical nn we can easily deduce from (141) that 
213 
g, <(5) -My-e8* +715. (142) 
, 3 l 
Now b= 7373 $0 that > 55 = 7113 < 1. 
Hence 
gp<M,:e* +x", (143) 
so that for x & some positive Xo, 
a 
&y (x) < Mo'gy'x 3, (144) 
thus establishing (139) 
- u u t fyi 3 M:(t 12; 3 
Hence fas < M814): me , ee gy (u) (145) 
and since |y’,| < k” (t is fixed), we see at once that for large y, 
I (y, t)= g, (uw) (1+ «,), 
and therefore the residue at s= |! 
(t p)''* ert 38) ja (t p)*?.y¥® : 
~ 28 -QUE-g_lt © "16 ——* (1+ ¢,) (146) 


Combining (124) and (146), we obtain the result (15) of section 2. 


* 


APPENDIX 3 
Proof of the Transformation (22) of Section 5. 


(22) of section 5 could be established by the usual trick of change in the 
order of integration. But it is far more elegant to prove it by using Mellin 
Transforms—which we propose to do now. 

Let f L (U, #)-U'-1-dU=L (s, 2) (147) 


0 
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co 


and f S, (U, t) US-2-dU = f(s, t) (148) 


ie) 


the latter as defined in (12) of § 3. So that the Mellin Transform of 


f# (3G a— ) LU, 9-0 
0 E 


is equal to 


f L (s, t) fy (s, a— fdt. 149) 
Q 
Following Landau and Rumer, it can be easily proved that the Mellin 
Transform of L(@#) {L being the left-hand side operator of (21)} is equal to 
IP 7 
ad AD fF emt-9.(B, C,) A (s, ty) dt; = L (5, d) (150) 
0 
where A,, B,, C, and D are as in App. 1, so that 


u 


f L (s, t): fy (s, a— D dt= f fi (s, a— t): wet 


6 


oo [AP t): fy (s, a— t)- dt 


9) 


~_ (B, cf ft (5, a— edt f eDt’s—*) p (s, ty) dt), 
0 ” 


-1,+1.-1, (151) 
Then, integrating by parts, 


a 


0 
Also it can be easily proved (by a change in the order of integration) that 
t 


i, = (B, C,) f DP (s, a— t) dt: f eXs~*).f (3, th) dts, (153) 
ie} i+) 


and 


4 


I,=A,° f DP (s, a— t): fi (s, t) dt (154) 


Q 
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bo 
bo 
on 


Since initially f, (s, 0)= 1 and P (s, 0)= E,*-', we have 


L 
-{ et -4).# (5, ty) ats) at 


1+ I,—I13= P (s, a)— Ep’ *-fi , @) + f PD (s, a—t) ny A,f; 
0 


t 


Ls) 
= Ps, a)— E,°-!-f, (s, a), | 

because | 
of, ; r (155) 
Tt Ae fi= FMF (8 Oa dl | 
ot : | 
we have, therefore 

I, + l.—1,= PA (s, a)— Mellin Transform of S$ (E, a) (156) 
Hence 

f dt f S,(5, a-1) LW, DG = FE aS (Ea) (157) 

0 E 


thus proving (22) 


APPENDIX 4 


co 
Proof of the term-by-term integrability of & |Z, (E, a)| of (25), in the integral 
0 


equation (23), where 


a Eo ‘ 
Z, iE, a)= f dt f Si (G a—t): F Zn, 
7) E 


P Ey , 
-f ai fs (54-2) F: [an WU, 9-2, 10,0 
© K 


+f qo (V, U, t):Z,_, (V, t) dV 
t U be 


+f dt, gz (V, U, t, t:)°Z,_1 (V, ty) dV 


(.) U — Bp (t= ty) ‘ - 
+f dy f qa(V, U, t, 4y)°Z,_1 (V, th) av], 
6 U 


= J, (Z,~1) + Js (Z,—-1) + Is (Z, 1) + Ja (Z-) (158) 


? This result is given in Landau and Rumer’s paper. 
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where, from equation (21), we have 


q, (U, t)=a’ log a CU — pp+ 4 —e’, 





I-—a’ U 
y ) jake — of. 
q. (V, U, t)= é, (V— Bt, U— Bt) vo tye 


q;(V, U, T, t,)= 4, (V— Bt, U— Bt, t, — 0), 
qa (V, U, t. H)= 6, (V— ph, U— Bt, h— )— 4, (V, U, t,— 8) 


~ 


(159) 





; a Re ; 
Let a and E be two positive numbers (a <meE< E,), and let E, = 


Vv 
E-+ 8a and log ~ -y. Then, we shall prove that when O<¢t<a and 
E, S U Ss E., 


ali-] r 
IZ, (U, t)| < [1+ jos, (160) 


where G is some constant. So that, from (160), the term-by-term integra- 
bility of XY Z, (E, ft) in (23) follows, thus establishing that 2 Z, (E, ft) is the 
solution of equation (23). 

Preliminaries : 

When Ej >USE,, Ey >V>S>U— B(t—t,) S>E>Oand O<t, <t<a, 
it is obvious that 

lq, (U, OD. |go (V. U, OI, |gs (V. U, t,, t)| and Jay (V, U, 4, 2)| 
are all bounded. We shall indicate the upper bound of these functions in 
this region by A. (161) 

Now S(U, t)= Z, (U, 2) and S, (U, 4) are both solutions of equation 
(6) with B = 0° and because of their initial conditions, 

S, (U, = E, S (E, U, d (162) 


Let log é =Z,. By (13) and (14) of Section 4 we have 
¢" , . yarns ee. 
S(U, b= My, I+No GY, Dr -, (163) 
a 


where My and No are continuous functions in the whole range 0 < 1,0 <y. 
When 0 < y < log —®, M, and N, are bounded. Also from (16 
hen 0 < y < log E> Me and No are bounded. so from (163), 


S, (U, 0= Eg Mo (vy + Z,, 0+ No (y+ Z, 1) (Pt weed (164) 
a 


5 S and S,, as stated before, have been given by Landau and Bhabha and Chakrabarty. 
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Let K be the upper bound of Ey |My (y+ Z;, t)| and Ep |No (y+ Zi, DI, 


when O<t<a and O<y< log = Also, let the maximum value of 
1 
y*" > Hon. (P 
( att +) when 0 < y < log : be (?). (165) 
* * x * 


Let us assume (160) to be true for r. We shall prove it to be true for 
(r+ 1), 


Now, L, 1 (E, ft) = J, (Z,) - J, (Z,.) - J; (Z,) + J (Z,’, | 
and 


t Eo a ® 
1,(Z) {dn f S, (G '- 1). U, 4)°Z, (U, 4-4 at | 
é iE J 


; , , : E FE, 
Changing the variable in J, by putting log Up y and log E Jo and 


using inequalities (160), (161) and (165), we have 


(166) 


t 


= 5 a/(¢—£1)-1 a’ti—1 
J, (Z,)| oe a Greif “fae (1 —. = a" -)(1+ a -) dy= 
a’ — \ 1 


y ot yt —ts) yor!’ yor? =} 
1K-S ei (% eye nen ta ) dt,(167) 
he 7 & Fy C 


which, by (165), 


«ax-2 fw (p+” _" , 


» alin 
’ Pi NP 1 Yo" « ‘ 
-AK caer t (p bar ) (168) 





< 


she , E E 
Similarly, changing the variable in J, by putting log E = Yo, log u = y and 


log Eo ’ re obtat 
Ey =y,weo ytain 


I, Z)\< (i+ ee 2, a’ t—i1) ~ —) f( oe “a- ~) ie y’ 
2(2,)| < fay Yi 1+ = iat) dy 1+ is 7 ty” Eyg:e-”". dy 
G+ z —y)a"é- en ~ 1 ats 
a @ Nelle lt, (+2 (ys ) ; 9 
\r i a f “Tata ty) Tifa’ eT “ ia 
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which, by (165), 


r+1 =, (E=t1)—1 
<AK Ego? fa au F(b - Vo 3 5 -) dy (170) 


which, again by — , 
al 3 2 7 a 
<AK Evy -- (#) rane (171) 


Similarly, making the same transformations as above in J;, we have 


a’(f-t1)-1 
J; (Z,)| <AK Se fan fa (1: Seas lll “): 
'(t— 4) 


ty 


tog ( U-g Cas) Peat an % 
f dt f te 1! J ;} Eo er dy’ (172) 


. t uo a = y yar? -4:)-1 2p 
pms ee —) dy fe PY 1s dty(13) 
1 _ yy\ar(t—41)-1 
+o 17") dt (+2 i ~7T 
Me [Fe a °) - f 1° at; f Pater ant — dy (174) 


which, again by (165), 
, ar? sia... aa 
<AK Eo 5 (3°) {+2 (175) 


In exactly the same manner, we prove that 


which, by (165), 





AK s@ 


ra -1 “a 
So that, from mm, pnt (175) and 176) we have 
‘ , “741, 47 5 ‘ 
Zr (E, 1) <t- (AK a {+ AK p+ AK E9(?) 


2AK Ey(¥) - = s+ am 
Let G be taken initially so great that | 
G > |Mo(y, £)| and |No (y, 2)| of (163), (178) 
G > XK. 
and 
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Then 
<r oeeyr es yer -* 
rs (Ex 9) < SE ax 2A 4G] 
)) v4 1 { \a’t 5) 
FL Doyen eo 
G t ( 1 +4 0 | : (189) 
r+ | { la’t J 
) Thus inequality (160) is proved for (r+ 1) 
Also, by (178), 
: : wih yoa t—l 
Zo(E, 1) <G (14755 -) (181) 
la t 
So that, (160) is universally true. 
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IN the previous papers of this series' Raman spectra of mixtures which are 
capable of forming hydrogen bonds of the hetero-molecular type were dealt 
with. The carbonyl compounds employed therein are known to exist as single 
molecules in the pure state and the effect of solvents on their C=O frequen- 
cies give the necessary information regarding the formation of hydrogen 
bonds. The problem becomes more complex in the case of liquids which are 
already associated in the pure state. One such, (acetic acid), has been care- 
fully examined and the results are reported in this paper. 

The existence of association in carboxylic acids was recognised very 
early in the development of physical chemistry and considerable amount of 
work was done in the last century mainly intended to determine the asso- 
ciation factors. Beckmann? carried out cryoscopic measurements and found 
that the molecular weight of acetic acid in benzene corresponded to double 
the ordinary formula CH; COOH or C,H,O.. Herz and Fischer* investi- 
gated the partition of acetic acid between water and various aromatic hydro- 
carbons and deduced that the acid associated in organic solvents to form 
double molecules. Trautz and Moschel* from further molecular weight 
determinations concluded that the carboxylic acids were all completely 
associated to double molecules in benzene even in dilute solutions. 

More recent work related to the mechanism of association which is 
very prominent in this group of organic compounds known as carboxylic 
acids. That it takes place through hydrogen bonds was first definitely 
demonstrated in the case of formic acid vapour by Pauling and Brockway’ 
employing the electron diffraction method and the dimer was represented 
as below: 

Hcg : 8 Nou 
on <—— 0” 

A second method which is more convenient and hence more frequently 
employed is the study of infra-red spectra. The greater part of the work 
in this direction mainly carried out by Gillette and Daniels,* Badger and 
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Bauer,’ Davies and Sutherland,* Buswell, Rodebush and Roy,*® Bonner and 
Hofstadter,'° Herman and Hofstadter’! and Hofstadter’? related to the changes 
undergone by the hydroxyl group as the result of hydrogen bond formation. 
Walter Gordy** on the other hand made a study of the infra-red absorption 
band attributable to the C —O linkage employing solutions in various solvents. 
However, no comprehensive explanation of the changes taking place seems 
to have been offered. 


The Raman spectrum of acetic acid was investigated by a number of 
workers. Its behaviour in aqueous solution was first studied by Krishna- 
murti.! He found that in a 95 per cent. solution of the acid in water a 
faint broad line made its appearance at 1707 in addition to the prominent 
C=O frequency at 1667 cm.! This new line was found to become relatively 
brighter with further dilution and was the only C= O line observed at 75% 
and lower concentrations. He attributed this change to the formation of 
hydrated molecules of acetic acid. Later Leitman and Ukhodin" reported 
their work on pure acetic acid (100%) and 60%, 40% and 20% solutions of 
itin water. Their study related to the 623 cm.-! frequency which was found 
to change markedly in intensity. Koteswaram’ recorded 1673, 1703, 1720, 
1770 cm.“ as the C = O frequencies. According to him in the pure acid the 
1673 cm.-! line is the strongest and is accompanied by the other three which 
are very weak. From the microphotometric records he found that in a mixture 
of 95% acid and 5% water the maximum at 1667 cm.-! decreased in intensity 
and a fresh maximum with more or less the same intensity appeared at 
1710cm.-!_ The intensity of this band was found to increase with dilution 
and the accompanying faint line at 1770 cm. was found to persist at all 
dilutions. He found no such changes in solutions of acetic acid in benzene 
and carbon tetrachloride. Increase of temperature was found to produce 
a small effect similar to that of dilution with water on the C =O frequencies. 
He therefore concluded that the changes observed in aqueous solutions are 
not due to the existence of hydrated molecules as assumed by Krishnamurti 
but due to the break down of the polymers to simpler molecules. His argu- 
ments were as below: 


(1) If hydrated molecules exist they should give a lower C =O fre- 
quency than the pure acid. Actually a higher C=O frequency was observed 
in aqueous solutions. 


(2) Rise of temperature on the pure acid was found to produce 
changes similar to those of dilution with wat.r. Since the effect of heating 
could be only depolymerisation, there being no possibility of hydration, 
similar conditions should prevail in aqueous solutions also. 
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In support of argument (1) he cited a number of examples of anhydrous 
and hydrated nitrat2s where some prominent lines were found to have lower 
frequencies in the hydrates than in the anhydrous salts.1?7 He further 
pointed out that the C=O frequencies of acetone and methyl ethyl ketone 
in aqueous solutions underwent lowering due to formation of hydrates as 
represent:d below.'® 

ye 0 -> H—O—H 
CH; 


(or C.H;) 


The above deductions of Koteswaram are unacceptable for the following 
reasons: (1) If in aqueous solutions simple depolymerisation takes place, 
and no hydrate formation, water should be serving only as a diluent. If 
such should be the case similar depolymerisation should occur in benzene 
and carbon tetrachloride solutions also. The experimental findings are very 
different. Obviously water molecules play a definite role in bringing about 
the observed changes in C=O frequencies of the aqueous solutions. This 
can be only through hydrate formation. 


(2) If monomers of acetic acid are formed by the breakdown of the 
dimers there is no reason why the unco-ordinated C=O groups of these 
should not form hydrogen bonds with water when the C —O groups of acetone 
could do so.s 


(3) It is not correct to draw analogies between nitrates and acetic 
acid in regard to the effect of hydration. It is equally incorrect to do so 
between acetone and acetic acid since there is an essential difference be- 
tween the two carbonyl compounds. The :ormer is unassociated when pure 
and contains unco-ordinated C=O groups whereas the latter is already 
associated and contains C=O groups involved in hydrogen bond formation. 
The effect of water on the two cannot be the same. Consequently the higher 
C=O frequency of acetic acid in aqueous solutions as compared with that 
of the pure substance is not inconsistent with the existence of hydrated mole- 
cules as will be shown in the comprehensive explanations given later on in 
this paper. 


(4) An examination of the microphotometric curves reproduced by 
Koieswaram shows that the effect of temperature on the spectrum of 
acetic acid is very small compared with that of dilution. The slight sh‘ft in 
the C=O frequency at higher temperatures may be due to a change in the 
nature of the dimers (ring to the open form) as explained later in this paper, 
and not entirely due to depolymerisation, 
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Our opinion is that water plays an important role and that hydration 
and depolymerisation take place at the same time. Details relating to this 
conclusion will be dealt with after describing our results on the Raman 
spectrum of this substance in the pure state and in solutions in benzene, 
carbon tetrachloride and in water at various dilutions. They are somewhat 
different from previous records and seem to be more complete. 


Pure glacial acetic acid from Kahlbaum was dried over fused sodium 
acetate and distilled. The spectrum of this sample has yielded the following 
frequencies. 


440 (3) 600 (1) 620 (8) 872 (2) 893 (10) 1010 (1) 1270 (2) 1368 (5) 1443 
(8b) 1670 (7) 1710 (1) 1745 (1) 2946 (10) 2996 (4). 


The C=O frequencies now recorded are 1670, 1710 and 1745 cm. 
The former is strong and the other two are very faint. These three are dis- 
tinct lines recorded on the plate. The 1770cm.* frequency recorded by 
Koteswaram was not obtained. The 1745 cm.! line which could be attri- 
buted to the unco-ordinated C=O of the acid was very close ‘ on super- 
imposition’ to the C=O frequency of ethyl acetate. Further, the accuracy 
of the measurement of this faint line was confirmed from the study of certain 
solutions of the acid in which this line brightens up and can then be easily 
measured. In a similar way accurate measurement of the other faint line at 
1710 was ensured. 


The Raman spectrum of acetic acid in benzene and carbon tetrachloride 
has not shown any changes in the C=-O frequencies of the acid. Obviously 
the condition of the molecules of the acid in these solutions is the same as in 
the pure state. 


The aqueous solutions of acetic acid were studied at four different 
proportions of the acid and water, viz., 10:1, 1:1, 1:2, and 1:3 by volume. 
In the first case it was found that the 1670 cm.- line had gone down in inten- 
sity compared with the free acid and that the 1710 cm. had become more 
intense. The 1745cm.-! line was not recorded. In all the other cases it 
was found that the 1670 cm. line (which is the most prominent one in the 
pure acid) was practically missing. This was very faint in the 1:1 mixture. 
The 1710 cm. was very bright and the 1745 cm.-! was not obtained at all. 
These changes are represented in Fig. 1. 


Discussion of the Results and their Interpretation——The observed results 
seem to be capable of satisfactory explanation and it is attempted below, 





G. V. L. N. Murty and T. R. Seshadri 


Acetic acid and water (10:1) iL : 


Do (1:1) 





Acetic acid and phenol (1:1) 





1670 em. 1710 em. 1745 cm.' 


Fic. 1 


tn pure acetic acid the following four may represent the possible molecular 
species involved: 


O O 


> HO HO 
CHy-C Sc-cn, CHy CE Sc-cnt, 


OH <— 07 OH < O*7 
I (Ring dimer) II (Open dimer—cis) 


(a) 
140 


: e) _ CH-CE ‘ 
CHs-C€ OH <—— Of) 
OH C-CH: 
HO 
1V (Monomer) III (Open dimer-trans) 

Since all evidences indicate that association to form dimers is almost 
complete in anhydrous acid, monomeric molecules of type IV should be very 
few or negligible. Owing to the readiness with which change from II to 
I will be possible, appreciable amount of type If also will not exist. Conse- 
quently we are left with molecules of constitution I and Ill. The most promi- 
nent Raman line at 1670cm.-? is also characterised by having the lowest 
frequency. It may be attributed to the C=O linkages in the ring dimers (I) 
in which due to the symmetrical ring form capable of resonance, the hydrogen 
bonds are the strongest thus lowering the ordinary C =O frequency consider- 
ably. The 1745 and 1710 cm. lines are attributable to the C=O groups 
marked (a) and (8) in the open dimer (IID). The frequency of the unco-ordi- 
nated C=O (a) agrees closely with the C=O of the allied compound ethyl 
acetate (C=O, 1739) in which no association exists. Though C=O (8) 1s 
involved in a hydrogen bond and consequently has a lower frequency than 
C= O(a), the lowering in this case is not so much as when the ring structure 
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is formed. The very low intensities of these two lines indicate that the pro- 
portion of the molecules representing the open structure (III) is very small 
though significant. That the intensities of these lines are just the same can be 
easily explained from the fact that a molecule of this dimer contains one 
unco-ordinated C =O (a) and one linearly co-ordinated C =O (8). It may also 
be inferred that the monomeric molecular type IV is non-existent. But 
since the lines are weak and strict comparison of intensities is not possible 
the last deduction may not be quite correct and there may be a very small 
proportion of the molecules of this species also. 

In aqueous solution the water molecules initiate their attack by co-ordi- 
nation with the free C =O (a) group of the open dimers forming hydrates as 
in V and consequently the equilibrium shifts progressively to the right from 
[ to ill. 


H—O—H 
in 
OH <-— Ow 
C-CHy 
HO 
(V) 


The disappearance of the 1670 cm.’ line on progressive dilution with 
water indicates increasing breakdown of the ring dimers. Further, the simul- 
taneous disappearance of the 1745 cm. line is also significant since it shows 
that the unco-ordinated C —O (a) does not exist owing to the formation of 
hydrate. In structure V both the C=O groups are involved in hydrogen 
bonds of the linear type and consequently have approximately the same fre- 
quency corresponding to 1710cm.-! This explains the rise in intensity of 
this line. In the above scheme hydration of open dimers of type III through 
the free hydroxyl group is not excluded and quite probably takes place leading 
to opening up of the ring form. But this does not affect the interpretation 
as far as the C=O groups are concerned. 

When sufficient amount of water is added breakdown of the dimers due 
to the attack of water becomes complete as shown below. 


H—O—II 
A H—O—H 
O + 
CHC po 
OH <—— Ov CH;—-CC 
DOCH OH 
HO * 
s H—O—H 
H—O—H 
(VI) (VII) 


Further hydration at other centres as mentioned above is also possible. 
However, even structures VI and VII have linearly co-ordinated C=O groups 
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and consequently give a frequency corresponding to 1710cm—! and this 
line persists prominently. Thus the effect of hydrogen bonds in pure acetic 
acid and in its aqueous solution is to lower the C=O frequencies consider- 
ably below that of the unco-ordinated C =O. 


The comprehensive and yet simple interpretation of the phenomenon 
given above takes into account the vital role of water molecules in forming 
hydrates and‘breaking down the dimers. This is due to the well-known 
capacity of water to form hydrogen bonds. In support of our ideas we have 
employed some other solvents which are capable of forming hydrogen bonds. 
In Parts I and II of this series data were presented to indicate that phenol 
exhibits marked capacity to form these bonds with carbonyl compounds. 
Hence the Raman spectrum of a mixture of acetic acid and phenol (1:1) has 
now been taken (Fig. 1). It is found that the 1670 cm. line has become 
very faint, that the 1710 cm.* line has increased considerably in intensity 
and that the 1745cm.' line has disappeared. The similarity with acetic 
acid-water m:xture is obvious and the changes in the present case may be 
represented similarly as below: 





HOC,H; 
A 
Apne 190 O 
CH CK Nc-cu, > CH.-CE 
oH <—— 0 OH<-— 0, 
SC-C Hy 
HO~ 
(1) (VIII) 
1 
HOC,H; 
+ 


O 
CH,-C& 
OH 
(IX) 


The brightening up of the 1710 cm." line corresponds to the large formation 
of the linearly co-ordinated structures VIIJ and IX. The persistence of the 
1670 cm.~? line, however, shows that there still exists a fair proportion of the 
ring dimers. The absence of the 1745 cm.-! line is due to the fact that there 
are no unco-ordinated C—O groups. In the mixture possibly all the three 
molecular species I, VIII and IX are present, type VIII being the maximum. 
In the discussion contained in the above para it is implied that water and 
phenol produce almost the same reduction of the C=O frequency due to 
hydrogen bond formation. This seems to be justified from other available 
data. 








co = Co mM 


cy 


Co —_ 


cp 


ao 


. re ee ee 
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Summary 


Previous work on the Raman spectrum of acetic acid and of its solu- 
tions is critically reviewed and certain conclusions criticised. The Raman 
spectra of the acid in the pure state as well as in aqueous solutions at diff- 
erent dilutions have been reinvestigated and the results described. A com- 
prehensive interpretation of the observations is offered. It is shown that the 
breaking up of the ring dimers of the acid is brought about by the forma- 
tion of hydrated molecules, and that the formation of fresh hydrogen bonds 
between the acid and water molecules is the cause of this breakdown of the 
ring type into the open dimers and finally into hydrates of the monomeric 
form of the acid molecules. These ideas are supported by a study of the 
Raman spectrum of a mixture of acetic acid with a good acceptor solvent, 
phenol. Changes similar to those obtained in aqueous solutions are pro- 
duced in the C -O frequencies of the phenol mixture also. 
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In Part III’ of this series the Raman spectra of acetic acid and its solutions 
in water were studied and the results explained as due to the existence of ring 
dimers and open chain dimers in the pure liquid and to the changes in the 
molecular aggregation brought about in aqueous solutions by the attack’ of 
water molecules on the C =O groups, forming hydrogen bonds. This expla- 
nation was supported by the study of the mixture of acetic acid with a power- 
ful acceptor solvent, phenol, which is known to co-ordinate with the C=O 
group very successfully. The possibility, however, of the attack of the water 
molecules on the hydroxyl groups of the acid dimers and monomers was 
not excluded. Water has both anionoid and cationoid centres and hence 
can form hydrogen bonds both with donors and acceptors as given below :— 
H—O—H 


H—O—H 


cf” 
CH,-C¢ 
: aes -—O 
< ae 


CH,-C 
HO/C—CH: * Nou 
r (I) (IT) 
: a 
CHy-C€ o * 
OF Pom, CH,-c€ l 
HO OH <-—— 0 
t \ 
H—O—H H 
(111) (IV) 

The aspect of the hydration of acetic acid molecules in which water 
behaves as the donor and acetic acid as the acceptor could not be indepen- 
dently followed in aqueous solution for the following reason namely: there is 
simultaneous attachment of the water molecules directly to the C=O groups 
of the acid; in this case water is the acceptor and the acid becomes the donor- 
molecule. Since our method of study involves the C—O frequency, hydra- 
tion at the C=O becomes the observable and predominant effect. It is, 
however, possible to gain some idea of the influence of water as a donor 
on the changes taking place in acetic acid solutions by studying the effect 
of simple donor substances when mixed with acetic acid. 


The carbonyl compounds employed in this investigation as donors and 
their C=O frequencies in the pure condition are presented in Table I. 
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TABLE I 


| 


The C=O frequency 
Name of the Compoun recorded cm.~? 








Acetone 4 a8 1710 
Methyl ethyl ketone .. ay 1712 
Ethyl! benzoate - re 1720 
Ethyl cinnamate “a - 1712 
Ethyl acetate 

Coumarin . 

Pheny] acetate 





Mixtures of acetic acid with acetone and methyl ethyl ketone.—These 
mixtures were investigated by Koteswaram.? He noted a shift of the 
1670 cm.-? line towards higher frequencies. This shift of the frequency was 
attributed to the existence of molecules of acetic acid associated with those 


of acetone (or methyl ethyl ketone) by the formation of hydrogen bonds 
according to the mechanism 


CH,- cl” 


CH; (or C2 Hs) 
Nou <- O = cf 


\cH; 
(V) 
the oxygen of the C=O in acetone or methyl ethyl ketone being the donor 
and the H of the OH in acetic acid the acceptor. 


The results obtained by us show that the 1670 cm.-! line font become 
diffuse and that the 1745 cm. line has become brighter than in the pure acid. 
No useful information could be obtained from the 1710 cm.-! line because 
the C=O frequency of acetone also appears here. The diffuseness of the 
1670 cm.-} line of the acid may not be due to any shift undergone by it but 
may be attributed to the presence, in this region, of frequencies corresponding 
to the C =O linkages of acetone that have been lowered as a result of hydrogen 
bond formation as in VII or VIII 

O +> HO 
CH; Con - >C-CH; i J 
(VI) OT insta ite 


Sc-cH, 
HO 


~ ~ Jus 
CH;-C CH; Oo=C 
ee cf \cu; 

CH; 

(VIII) (VII) 

The brightening up of the 1745 cm.~! frequency in the mixture is due to 
the formation of unco-ordinated C=O groups marked (*) in the above 
structures. This is obviously due to the attack of the carbonyl group of 
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acetone on the free hydroxyl of acetic acid leading to a stabilisation of the 
open dimers (/rans) or the monomers and consequently shifting the equili- 
brium towards the right. It is quite possitle that the monomers are very 
few but the results do not enable us to be very definite on this point. It may, 
however, be said that many of the original ring dimers exist and the change is 
only partial because the 1670 cm.~! line of acetic acid continues to be bright 
in the spectrum of the mixture. 

The mixture of acetic acid and methyl ethyl ketone yielded results which 
were quite similar to those of acetone mixture and consequently they lead 
to the same conclusions. 

Acetic acid and ethyl benzoate——Pure ethyl benzoate has the C=O 
frequency at 1720cm.-!_ In the mixture of acetic acid and ethyl benzoate 
(1: 1) it was noted that the 1745 cm.-! line of the acid had become brighter 
than that of the pure acid and the 1670cm.! line was not appreciably 
affected. It may be, therefore, concluded that though there is change in the 
molecular aggregation of acetic acid as a result of admixture with the ester 
leading to the formation of more of unco-ordinated C =O groups, i.e., to the 
formation of open dimers and monomers, the change seems to be small. 
The new aggregates present in the ester mixture may be represented as 


below: 
oO 


CH.-c¢ 
. Non ~~ 


70 
CH,-C& 
_ 


(X) 


Acetic acid and ethyl cinnamate.—The spectrum of the mixture of acetic 
acid and ethyl cinnamte indicated that the 1745cm.-! line of the acid had 
become more intense in the mixture than in the pure acid. The 1670 cm-! 
line of the acid and the 1712 cm.-! line of the ester had both become 
slightly diffuse. As in the previous case here also it can be concluded that 
some ring dimers of the acid get broken up by the formation of hydrogen 
bonds between the acid and ester molecules. 

In all the four cases dealt with above, i.e., the two ketone mixtures and 
the two ester mixtures, the C=O line in which changes could be easily 
observed is the one at 1745cm.-! and the information indicates that there 
is greater formation of unco-ordinated C=-O due cither to open dimer or 
monomer associates. ; 


Acetic acid and ethyl acetate—The 1670 cm.-! of the acid and 1739 cm. 
line of the ester were not appreciably affected. It is difficult to say anything 
about the 1745 cm.! line 0 the acid since it was masked by ihe brighter line 
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of the ester falling in that region. On the other hand, the very interesting 
observation was made that the 1710 cm." line of the pure acid had brightened 
up considerably in the mixture. This increase may be due to two causes, 
namely, 

(1) the greater formation of the open dimers having linearly co-ordi- 
nated C=O marked © in formula IX and 

(2) the co-ordination of the ester C=O groups with the hydroxylic 
hydrogen of the open dimers or the monomers. 

Both, however, arise from the partial breakdown of the ring structures 
and may be expected to give almost the same C=O frequency because of 
-tructural similarity. 

Coumarin dissolved in acetic acid—The C=O frequencies recorded in 
the spectrum of a solution of coumarin in acetic acid corresponded to 1670, 
1715 and 1740 cm.-! The second of these lines was definitely more intense 
than the last. For purposes of analysing the results it was assumed that the 
1710 and 1745 cm.-! lines of the pure acid are indistinguishable from 1715 
and 1740 cm. of the mixture. In the same way the co-ordinated (C=O 
of coumarin and HO of acetic acid) and unco-ordinated C =O frequencies of 
coumarin could not be distinguished from the second line (1715 cm) and 
the last line (1740 em.-!) respectively of the mixture. From general considera- 
tions and analogies the assumption seems to be justified. 


The association of coumarin and acetic acid molecules could take either 
of the two forms given below: 


Oo 
CHs-cg 
OH 


(XII) 

For each coumarin molecule that enters into association according to 
the mechanism XI two linearly co-ordinated C=O groups (1715 cm-) and 
one unco-ordinated C--O (1740cm.-*) are formed. . Consequently the 
1715 cm line should be brighter than the other. This leads to the conclu- 
sion that mechanism XI is the one that is prevailing in the mixture and 
further that almost all the coumarin molecules have associated with acetic 
acid. Otherwise, if appreciable number of molecules should exist free, they 
will contribute to the relative brightening up of the 1740 cm." line. In this 
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connection may be recalled our findings described in Part I* relating to the 
extraordinary anionoid capacity of the C=O groups of coumarin which 
undergo almost complete association even with chloroform. 

The alternative mechanism XII cannot satisfactorily explain the obser- 
vations. According to this for each co-ordinated C=O of coumarin whose 
frequency is lowered from 1740 to 1715 there would be one unco-ordinated 
C=O of acetic acid with a frequency of 1740 cm.-* Hence even if all the 
coumarin molecules are involved in the hydrogen bond formation the 
1715 cm. cannot become brighter than the 1740cm.? It could therefore 
be concluded that there is ample evidence for the existence of the open 
dimers and for their co-ordination with coumarin as represented by the 
mechanism XI. The results, however, do not rule out the possibility of the 
existence of a few associated molecules represented by the formula XII. The 
relative diminution of the intensity of the 1670cm.' line shows that an 
appreciably large number of ring dimers of acetic acid are attacked and thus 
opened out by coumarin molecules. 

Acetic acid and Phenyl acetate ——In the Raman spectrum of this mixture 
it was found that the 1670 cm.-! line had diminished in intensity whereas 
the other two lines 1710 and 1745cm.-! of the acid had brightened up. 
There was thus indication that the ring dimers had been broken down by this 


ester and the mixture contains considerable amount of molecules of the types 
IX and X. 


The intensity relations of the C=O frequencies that have been dealt 
with in this paper are diagrammatically presented below: 


Acetic acid. L con tdotaiat 


|_ 


Acetone ois 
Acetic acid + Acetone 
Lthyl ben3zcate 
Acetic acid Ethyl benzoate 
thy! cianamate. 
Acetic acids Ethylcinnamate 
Ethylacetate 
Acetic acid + Ethyl acetate 
Coumearin 
Acetic acid + coumarin 


Phenyl acetate 
a 
Acetic acid+ fhenylace tg 


1670 1HO— NGS: (1766 ™" 
Fic, | 


an an im mee at lle Uh lee. Ul Uh Ue Ue. ee 
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Discussions 


From the results presented in this paper it can be concluded that solvents 
having anionoid groups are capable of forming associates with acetic acid 
molecules and effecting change in the state of aggregation. It has been shown 
that ring dimers are broken down and associated linear dimers and finally 
associated molecules of monomeric acetic acid are formed. Definite 
evidence has further been adduced to prove the existence of linear dimers 
that were first described in connection with the spectra of aqueous solutions 
of acetic acid. In this connection particular mention should be made of 
the study of coumarin and acetic acid mixture. Another conclusion that 
could be arrived at from the results presented in this paper is that the stronger 
the anionoid characteristic of the C=O present in the solvent the larger the 
percentage of the ring dimers broken due to association. This agrees with 
the generalisations arrived at earlier in this series* ‘4 regarding the condi- 
tions controlling hydrogen bond formation. Since as a general rule anionoid 
solvents affect acetic acid dimers it could be concluded that in aqueous solu- 
tions also water molecules may similarly reinforce the breakdown of the ring 
dimers, though the cationoid attack is predominantly existing. It should, 
however, be noted that unlike the case of aqueous solutions, acetic acid mix- 
tures with carbonyl compounds do not indicate complete breakdown of the 
tring dimers as evidenced from the persistence of the 1670 cm! line. Thus 
these mixtures contain the ring dimers and co-ordinated linear dimers and 
probably co-ordinated monomers also. 


Summary 


Raman spectra of mixtures of acetic acid with a number of carbonyl 
compounds have been studied. It is shown that anionoid solvents affec 
the molecular aggregation of acetic acid, the effect being prominent with those 
having strong anionoid C=O groups such as coumarin and phenyl acetate. 
The breakdown of the ring dimers is not, however, complete in these cases. 
Definite evidence has been given for the presence of open dimers. There is 
justification for the view that water molecules serve also as anionoid mole- 
cules in effecting the breakdown of the ring dimers of acetic acid. 
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Introduction and Summary 


IN a series of papers with the same title, T. S. Subbaraya, K. Seshadri and 
N. A. Narayana Rao? have investigated the influence that Hg, Zn, Cd and 
Sn have on each other when they are excited under the same conditions :— 
the spectra of the individual elements were compared with those of mixtures 
of the same two by two, and information was obtained regarding the strength- 
ening of some lines and the weakening of others on account of the mutual 
influence of the two elements in various energy states. Mixtures have been 
often studied, but mostly in connection with problems of quantitative 
analysis. A discussion along these lines is given for example by F. H. 
Newman.? Our problem is on the other hand linked with investigations 
on sensitised fluorescence and impacts of the second kind. In such experi- 
ments one is usually limited to investigating the effect of the impact of an 
atom in the normal state with a quantum or another atom in an excited 
state, the dispersion employed being low on account of the low intensity of 
fluorescent light. The method of mixture, on the other hand, has the advan- 
tage that a large dispersion can be employed and the effect of the impacts 
of atoms already highly excited can be studied. From an experimental 
point of view the only difficulty is to excite various elements under similar 
conditions. An are or spark in air is inadmissible since we are interested 
in seeing that atoms of one or two elements alone exist in a condition suitable 
for mutual impacts. An arc or discharge in vacuum is the only available 
method. On account, however, of the variation in the conductivity and 
boiling point of various elements, suitable modifications of the discharge 
tube are required. The design by one of us (T. S. S.) employed in the present 
has proved very successful and extremely easy of construction and operation. 
The object of the present investigation was to test whether the method of the 
investigation of metallic vapours could be extended to binary compounds. 
The halides and sulphides of Hg, Cd and Zn were available for immediate 





1 Curr. Sci., 1939, 8, 508; 1940, 9, 14; 1940, 9, 173; 1941, 10, 71. 
2 Phil. Mag., 1939, 28, 584. 
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use and the investigation was conducted with the sulphides first. The 
present paper deals witlt the case of mercury sulphide (HgS). The other 
two sulphides will be dealt with later on. 


Experimental 


A very simple design of discharge tube was developed so as to require 
no knowledge of the glass-blower’s art which is particularly difficult when 
silica tubes are concerned. The construction is evident from Fig 1. Sis a 


~ 


transparent silica tube of about | cm. inner diameter and about 30 cm. long. 
Two cylindrical caps A and B, of copper or brass, provided with concentric 
cylindrical jackets having an inlet and outlet for water are fixed to the tube 
$ by means of shellac. The upper cap A has a tube T of copper soldered 
to it, and this is connected to a Cenco Hyvac pump which is kept running 
throughout the operation of the tube. Since the power employed is large, 
these caps would get hot enough to melt the shellac in spite of the water- 
cooling. To prevent this, two stiff copper wires C and C are fixed to the 
caps and carbon cylinders D and E aré fixed to the ends of these wires. The 
lower carbon cylinder E fits the tube like a piston while the upper is somewhat 
loose. When metals are to be excited they can be placed directly over the 
carbon E and the discharge started. But for non-conducting substances 
a slight modification is employed. A carbon rod F is fixed to the lower carbon 
cylinder E and the substance is placed all round this rod F. The heat of the 
discharge will usually vaporise the substance, but if necessary the silica tube 
can be heated by means of a Bunsen burner. Since we employed a high 
Voltage source, the buiner used for this purpose was provided with a long 
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glass tube to serve as a handle, the rubber tube leading the gas to the burner 
passing through the glass tube. The two terminals of the secondary of a 
4000 volt, 3 KVA transformer were connected to Band C. The primary 
was connected to 220 volt A.C. mains through a resistance which served to 
regulate the current. The discharge tube was fixed vertically before the 
spectrograph. It is well known that the intensities of spectral lines are modi- 
tied considerably by the conditions of the discharge. Accordingly, the current, 
voltage pressure, etc., were kept constant as far as possible but even then, 
no attempt was made to compare the intensity of any particular line of the 
element with that of the same line in the spectrum of the compound. 
Instead, the relative intensities of various lines in one spectrum were compared 
with the relative intensities in the other. To eliminate the influence of 
accidental factors still further, two different spectrographs were used on 
many different days, the tube being cleaned and again filled with the substance 
in each case. Only those alterations of intensity which could be established 
without doubt in the spectra of both the spectrographs were taken into 
consideration. One of these spectrographs was a 10 ft. concave grating 
in a Rowland mounting, giving a dispersion of 5-5 A per mm. in the first 
order. The other was a medium sized quartz spectrograph made by Hilger 
(E.) giving the whole spectrum from 7000 A to 2000 A on a 10-inch plate. 
With the latter, spectra having different exposures ranging from 5 sec. to 6 
min. were taken. The spectra of mercury, sulphur and mercury sulphide were 
taken with the grating while with the quartz spectrograph, only mercury 
and HgS spectra were taken. This was because sulphur gave only its band 
spectrum together with the band spectrum of CS and no lines were obtained. 
In one way the fact that the line spectrum of sulphur did not appear under 
the conditions employed was a disadvantage since modification in the inten- 
sities of sulphur lines cannot be brought forward in support of the interac- 
tions proposed to explain the observed changes in the intensities of mercury 
lines. More recently we (T. S. Subbaraya and Syed Yusuff) have been 
employing an electrodeless discharge to study the same problem but the 
enormous number of lines obtained (some 600 lines in sulphur with the E, 
spectrograph) has prevented us from being able to examine these results 
and report them in the present paper. We hope to present the latter results 
in a future communication. 
Results 


As previously stated sulphur gave only its band spectrum together with 
the band spectrum of CS. In the mercury sulphide spectrum the bands of 
CS were stronger than when sulphur was employed, while the sulphur bands 
were weaker than in pure sulphur. The relative intensities of the mercury lines 
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in the spectrum of Hg were compared with the relative intensities of the same 
lines in the HgS spectrum. Both grating and prism spectra were examined 
and each helped to decide points which were doubtful in the other. The 
following alterations in intensity have been established as the result of such 
acomparison. Some of these alterations can be easily noticed in the portions 
of spectra reproduced in the plates appearing herewith, but where the 
lines are rather faint in the negatives, the reproductions do not show 
the results clearly and hence these portions have been omitted. But 
the negatives allow definite conclusions to be reached even though the 
reproductions fail to show up properly. We have not been able to avail 
ourselves of a microphotometer and the results are based on visual estimates 
of a qualitative nature only. Lines enclosed in square brackets show an 
effect which is small and somewhat ambiguous. 


Mercury Lines 


Strengthened Weakened 

2284 (6°P,) — 11°S,) 
2534 (6°P, — 7°D,) 2302 (6°P, — 9°D,) 
2652 (6°P, —7°D,) 2323 (6°P, — 11D.) 
2654 (6°P, — 7°D,) 2345 (6°P, — 10%S,) 
2655 (6°P, — 7'D,) 2352 (6°P, — 10°D,) 
2753 (6°P, — 8°S,) 2400 (6°P, —- 9°D,, ») 
£2967 (6°P, — 6°D,)] [2447 (6°P, — 10°S,)] 
3125 (6°P, — 6°D,) [2482 (6°P, — 8°D, .)] 
3131 (6°P, — 6°D,) 2536 (61S, — 6°P,) 
4916 (6'P, — 8}S,) 2564 (6°P, — 91S,) 
6072 (73S, —8'P,) 2593 (63P, — 13°S,) 
6716 (7!S, — 8'P,) 2603 (6°P, — 11°D,) 
[6908 (79S, — 8°P,)] 2625 (6°P, — 123S,) 
3984 Hg Il 2640 (6°P, —- 10°D,) 


2675 (6°P, — 113S,) 
2699 (6°P, — 9D, 5) 
2760 (6°P, — 10°S,) 
-_ (6°P, — 8°D,) 
2804 (6°P, — 8D.) 
(2805 (6°P, — 8*°D,) 
3902°(6'P, — 8°D,) 
3906 (61P, — 8$'D.) 
Discussion 


The theory of the interaction of atoms in different energy states is not 
developed in sufficient detail to understand each case of alteration of inten- 
sity inentirety. The chief theoretical result is that an exchange of excitation 
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atom (83554 cm.) is very nearly equal to that of the mercury atom 
(84179 cm") and a resonant exchange of ionisation energy occurs. 


As regards the strengthening of the CS bands as compared with the S, bands 
which appear weaker than in sulphur, the upper state of the CS bands having 
an energy = 38800 cm.“ we see that it can take energy from the upper state 
of 2536, viz., 39410 cm.-! The corresponding weakening of 2536 supports 
this view. The upper level of the S, bands, being at 32000 cm. is not in 
resonance with any mercury level and is thus not strengthened. 


Weakened Lines.—The upper levels of the weakened lines also fall into 
four groups. Of these the upper states of 2564, 3906, 3902, 2805, 2804, 
2803 and 2482 have energies equal to 78401, 79658, 79688, 79678, 79700 
and 79688 respectively. The corresponding level of sulphur which can be 
excited at their expense is most probably that at 79986 cm.-! Then there are 
the lines 2345, 2447 and 2760 with an upper level at 80268 cm>-! This 
level probably gives its energy to excite the sulphur level at 80443 cm} 
Next we have the group 2302, 2400, 2699, 2675 and 2284 with upper levels 
of energies 81082, 81082, 81082, 81414 and 81414 cm-—! respectively. These 
are near the sulphur levels at 81275 and 81622 respectively and thus produce 
resonance. The upper level of 2352 (= 81909) probably gives its erergy 
to the sulphur level at 82047. Lastly the lines 2625, 2603, 2323 and 2593 
with upper states of energies 82121, 82444, 82444 and 82588 possibly weaker 


on account of the energy of their upper levels being used to excite the sulphur 
level at 82347. 


Thus we see that corresponding to every line of mercury which shows an 
increase or decrease of intensity there is a sulphur level with which the upper 
state of the line in question is in resonance. Some other levels which are 
also of nearly the same energy in sulphur and in mercury involve lines which 
are outside our observations which extend from about 7000 A to 2200 A. 
Our observations therefore correspond to the theory though some further 
details cannot be checked owing to the non-appearance of sulphur lines. The 
experiments are further of interest in showing that the lines of an element 
do not occur with the same relative intensity in the spectrum of the element 
and in that of oneeof its compounds. Theie are many lines which remain 
unaffected and these must be the ones that should be resorted to in problems 
of spectrochemical quantitative analysis. 


In conclusion, it is a pleasure to record our thanks to Professor A. Venkat 
Rao Telang for the facilities given to us during the prosecutian of this work, 
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Introduction and Summary 


THE present work is a continuation of the investigations which have already 
been briefly described in Current Science’ undertaken with the object of 
finding out the mutual influence of the atoms of two elements on their 
spectra. The method adopted is a straightforward one: the spectra of the 
two elements and of their mixture are produced under similar conditions and 
the relative intensities of the lines of each element in the spectrum of the 
mixture are compared with the relative intensities of the same lines in the 
spectra of the individual elements. It is found that some lines are strength- 
ened and others are weakened. Since conditions of temperatute, pressure, 
current, etc., are kept unchanged as far as possible, the alterations in inten- 
sity can safely be ascribed to the mutual influence of the two atoms, especi- 
ally through the medium of impacts of the second kind. Though detailed 
theoretical knowledge of these phenomena is not available, there are some 
general principles which are explained, for example, in Mott and Massey’s 
Theory of Atomic Collisions, Chap. XII, 3.3. A good deal of experimental 
work has been done on the subject of collisions of the second kind ; 
our method has however, the advantage that information can be obtained 
regarding highly excited levels and a large dispersion can be employed. 
Here we shall deal with the mutual effect of mercury and lead. 


Experimental 


In order to-produce the spectra required under identical conditions and 
at the same time be sure that the atoms of the two elements are present in 
sufficiently large numbers to produce a noticeable effect we have employed 
a vacuum discharge tube as the source in all our work. The design by one 
of us ( T. S. S.) employed in the present work has proved flexible and adapted 
to work with various elements. It is illustrated in Fig. 1. 


2 Current Science, 1939, 8, 508 ; 1940, 9, 14; 1940, 9, 173; 1941, 10, 71. 
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S is a silica tube with a T-piece F in which the element can be placed. 
The silica tube has two cylindrical electrodes A and B provided with concen- 
tric jackets for water-cooling. The electrodes are fixed to S by means of 
shellac. Hollow carbon cylinders C and D are attached to the electrodes by 
means of copper wires. The cylinder B has a side-tube T which is connected 
toa Cenco Hyvac Pump. The cylinder A has another tube E fixed to it and 
this tube carries a quartz window W connected to it by a ground joint. This 
enables the window to be strongly heated now and then to drive off any 
deposit that may form on it, and thus to be kept transparent. Inthe case of ele- 
ments like lead and tin whose boiling point is very high, the metal is also 
packed into the cylinder D so that the heat of the discharge vaporises it and its 
lines are strongly excited. Easily vaporised metals like mercury are kept in the 
side tube F which is heated if necessary. A and B are connected to the 
secondary of a 3 K.V.A. 4000 volt transformer whose primary is connected 
to 220-volt mains through suitable rheostats. A concave grating of 10 ft. 
radius in a Rowland mounting was used to photograph the spectra. 
Usually exposures of one hour were given when employing hypersensitive 
panchromatic films. The grating has a dispersion of 5-5 A per mm. in 
the first order. 


Results 


A comparison of the relative intensities of the lines of mercury and lead 
as they appear in the spectra of the pure metals and in that of their mixture 
shows that some lines are strengthened and others are weakened as set 
forth in the table below. The spectra reproduced herewith show some of 
these alterations in intensity quite clearly but some others can only be clearly 
perceived in the negatives. Square brackets indicate that the change of 
intensity is not pronounced. 
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Lead Lines 
Strengthened Weakened 
6059-4 ( 6p7s°P,°— 6p8p 25) [4168-04 (6p? 1D, — 6p6d 1,°)) 
3683-47 (6p? °P, — 6p7s °P,°) 4019-64 (6p? 1D, — 6p6d 4,°) 
2833-07 (6p? *P,y — 6p7s *P5°) 3671-50 (6p? 1D, — 6p8s 3P,°) 
[2802-01 (6p? °P, —6p6d 4,°)] 2657-1 (6p? °P, — 6p6d 1,°) 
2663-17 (6p? *P, — 6p7s ®P,°) [2476-38 (6p? °P, — 6p7s**P,°)] 
2613-66 (6p? °*P, — 6p6d 3,°) 2446-18 (6p* °P, — 6p8s *P,°) 
2614-18 (6p? *P, —6p6d 2,°) 2411-75 (6p? *P, —6p7d 4,°) 
2577-27 (6p? *P, — 6p7s 1P,°) 23888 (6p? °P, —6p7d 3,°) 
2332-47 (6p? °P, — 6p9s °P,°) 
2246-90 (6p* *P, — 6p7d 1,°) 
4386-6 Pb Il 
4245-0 Pb II 


Mercury Lines 


Strengthened Weakened 

4916-04 (63P, — 8'S,) 

2752°78 (6 Py — 8%S)) 5675-86 (7 °S, — 9'P,) 

2464-06 (6 °P,, — 98S,) [5460-74 (6 °P, — 7°S,)] 
(4358-34 (6°P, — 7%S,)] 
4046-56 (6 °P, — 7%S,) 
[2893-60 (6°P, — 8°S,)] 
2699-50 (6 °P, — 9°D,) 
2698-85 (6°P, — 9D) 
2639-93 (6 *P, — 10°D,) 
2603-15 (6 °P, — 11°D,) 
2378-34 (6°P,— 8'D,) 


Discussion 


In order to arrive at an explanation of the observed changes of intensity 
we have to take into consideration the various possible impacts between 
lead and mercury atoms in different states and also the probability of trans- 
ference of excitation energy from one atom to another. Since mercury and 
lead are both heavy atoms and their size is also large, the result indicated 
by the theory is that exchange of energy is most probable when there is 
resonance, i.e., the sum of the internal energies of the lead and mercury atoms 
before impact is equal to that after impact. We must first consider impacts 
in which one atom is in the normal and the other in a metastable state and 
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then impacts between two atoms both of which are in metastable states; 
next in importance will be the impacts between one atom in a metastable 
state and another in an excited state, the impacts between two excited atoms 
not in metastable states coming last. Mercury has two metastable levels 
at 37642 (6 °P,) and 44040 (6 °P,) cm. respectively and lead has four at 
7817, 10648, 21456 and 29456 cm.-! respectively above the ground state. 
Taking impacts between one normal and one metastable atom, we should 
expect only two of these to lead to any observable change. One of these is 
that between a normal lead atom and a metastable mercury atom in the 
6°P, state resulting in bringing the lead atom to one of the excited states 
6p7p 1, (42915), 6p7p 25 (44397), 6p7p 3,(44672), 6p7p 4, (44807) or even 
6p7d 1,°(45441), 6p6d 2.°(46059) and 6p6d 3,°(46067). The other is an impact 
between a normal lead atom and a metastable mercury atom in the 6 *P, state 
leading to the lead atom being raised to the 6p7s 3P, (35285) or 6p7S 3P, 
(34958) state. These interactions may be put in the form of equations, thus: 
Pb (?P,) | Hg’ (*P,)—> Pb’ (--+) + Hg CS) (1) 
Pb (Po) -- Hg’ (?Po)—> Pb’ (---) |; Hg (So). dp 
Of the seven possibilities mentioned above in connection with reaction 
(1) we find only two occurring, viz., those in which the lead atom is raised to 
the 6p6d 2,° (46059) and 6p6d 3,° (46067) states resulting in the strengthening 
of 2614-18 and 2613-66. Here resonance is not good and there is a large 
energy discrepancy (2000 cm.-'= 0-25 electron volt) while the other possi- . 
bilities involving much less discrepancy have not been realised. Here there- 
fore we have an example of the state of affairs which is expected to exist 
when the interaction between the atoms is strong (e.g., see Mott and Massey, 
p. 244), but the theory does not seem to be adequate to explain why only 
this particular possibility should occur. Apart from this, an alternative 
explanation for the strengthening of 2614 and 2613-7 is possible as shown 
a little later on. In the case of equation (II), we find both of the possibilities 
realized, viz., 

Pb(*Po) + Hg’ (?Po)—> Pb’ (6p7s *P,°) -++ Hg (So) (1) 

0 + 37642 35285 0 
and Pb @P 9) + Hg’ (#Po)—> Pb’ (6p7s *Po°) + Hg CS) (2) 

0 + 37642 34958 + 0O 


The first is evidenced by the strengthening of A 2833 and the second by 
A 3683 becoming somewhat stronger. The better resonance represented by 
(1) is possibly the reason for the greater change of intensity observed in A 2833. 


Now considering impacts between a metastable mercury atom and a 
metastable lead atom we find that Hg’ (°P,)+ Pb’ (°P,)— 37642 + 7817 = 
45459. This is quite near to 6p6d 1,°(45441) but somewhat further removed 
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from 6p7p1,, 25, 31, 42 and 6p6d 2,°, 3,° and 4,°, which are at 42915, 44397, 
44672, 44807 and 46059, 46067 and 46327 cm.-! respectively. The strengthen- 
ing of A 2614 shows, however, that even here the process 


Hg’ (°P,) + Pb’ @P,)—> Pb’ (6p6d 2,° or 3,°) + Hg CS») 
37642 7817 46059 or 46067 + O 


which represents a less sharp resonance is the one that probably takes place. 
The strengthening of A 2614 may occur by this process as well as by the one 
already considered in connection with equation (I). The less pronounced 
strengthening of A 2802 shows that the process Hg’(*#P))+ Pb’(°P,) = 
Hg ('S,)+ Pb’ (6p6d 45°) also occurs but less frequently. Then we have 
Hg’ (°P,)+ Pb’ (°P.) = 37642 + 10648 = 48290. Levels of Pb near this 
value are 6p8s °P,’, *P,°, and 6p7s °P.° and 'P,°, whose energies are 48725, 
48685, 48187 and 49438 respectively. The strengthening of A 2663 and 
\ 2577 shows that of these four possibilities two, viz., 
Hg’ (@P,) | Pb’ (°P,) > Hg (S,) -+ Pb’ (6p7s °P.,*) 
37642 + 10648 0 + 48187 
and Hg’ (*P9) + Pb’ (?P,)—> Hg (So) + Pb’ (6p7s 'P,*) 
37642 + 10648 — 0 + 49438 


are realised. The first of these represents very close resonance, but why the 


second should occur in preference to the other two possibilities mentioned 
is not clear. 


Next we have Hg’ (®P,)-+Pb’ (D.) = 37642 + 21456 = 59098 and this is 
near the ionization energy of Pb, viz., 59821. The weakening of the Pb II 
lines A 4387 and A 4245 shows that ionization of Pb does not occur with 
greater frequency, but that the process probably takes place in the reverse 
direction. 


The addition of the energies of Hg’ (*P,) and Pb’ ('S,) gives 37642+ 
29456 = 67098 which is 7277 cm.-' above the ionization energy of Pb. 


Taking the other metastable level of Hg we have Hg’ (°P,)+ Pb’ (°P;, 
3P,, 'D, and 1S,)= 51857, 54688, 65496 and 73496 respectively. The 
strengthening of A 6059 shows that the first of these representing a close 
resonance leads to the production of Pb’ (6p8p 2,) which is 51784. Thus 
Hg’ (°P.) + Pb’ (P,) - Hg (S,) + Pb’ (6p8p 2,). There are two levels of 
Pb—6p8p 3, and 1,—equal to 51915 and 51318 which have nearly the same 
energy but we find no evidence of these being excited by the above process. 
Although there are a number of levels of Pb near 54688 we have found no 
change in any lines involving them. The third process leads to ionization 
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of Pb. The fourth process is probably concerned partly in the produc- 
tion of Hg’ (8'S,) and Hg’ (8°S,)—of energies 74402 and 73959—as evidenced 
by the strengthening of the Hg lines A 4916 and 2753. 


Having completed the consideration of impacts between two metastable 
atoms we may now take up impacts between one metastable atom and 
another excited atom. The number of different possibilities will here be very 
large. We will therefore confine ourselves only to such instances as can lead 
to the observed changes of intensity. We cannot at present explain why 
other interactions which seem equally probable do not occur. An exhaustive 
consideration of all the possibilities will be of use only when very slight 
changes of intensity can also be detected by means of microphotometer curves. 
Hence taking only those processes which seem to be involved in the observed 
changes of intensity we can write down the following equtions: 


Hg’ (73S,) |- Pb’ (@P,) —> Hg’ (84S 9) + Pb (Po) 
62348 10648 74402 + 0 


This process requires not only that Hg’ (84S,) must be produced, as evidenced 
by the strengthening of 4916, but also that Hg’ (7°S,) must be destroyed which 
leads to the weakening of A 5461, 4358 and 4047. All these changes, viz., 
the weakening of 5461, 4358 and 4047 are observed. 


Next take 
Hg’ (73P,) + Pb’ (@P,)—> Hg’ (9°S,) + Pb (°P,) 
69659 7817 78214 + 0 
or Hg’ (78P,) Pb’ (@P,)—> Hg’ (93S,) -+ Pb (Py) 
71205 < 78i7 78214 + 0 


We cannot decide which of these two occurs. Either of these can explain 
the strengthening of Hg 2464. 


Considering the interaction between an excited and a normal atom we 
find that the following reactions probably take place. 


Hg (Sq) -+ Pb’ (6p6d 1,°)—> Hg’ (®P,) + Pb (P,) 
0 + 45441 44040 + 0 


This explains why A 2657 and 4168 of Pb are weakened. 
Partly also the reaction 
Hg (S,) -|- Pb’ (6p6d 4,°)—> Hg’ (*P,) + Pb (P,) 
0 46327 44040 + 0 
May occur since A 4020 of Pb is weakened. Otherwise the weakening of 
these lines may be brought about according to the equations :— 
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Hg’ (* Py) + Pb’ (6p6d 1,°)—> Hgt + Pb (®Py) 


37642 +- 45441 84179+- 0 
and Hg’ (°P,) + Pb’ (6p6d 4,°)—> Hg* + Pb (®P,) 
37642 + 46327 84179+ 0 


leading to the ionization of the mercury atom. Exactly in the same way 
the energies of Pb 6p8s *P,° and 6p7s* P,° may ionize the mercury atom start- 
ing from the 6°P, state. This will explain the weakening of A 3672, 2446 
and 2476. 
We also have the processes 
Hg ('S,) ++ Pb’ (6p7d 4,°, 3,°, 1.” or 6p9s°P,)—> Hg’ @P,) + Pb (Py) 
0 52100, 52498, 52309 or 53508 54066 + 0 

involving the weakening of the lines 2412, 2389, 2247 and 2332 of Pb. 

Since the energies of the upper states of the weakened mercury lines are 
higher than the ionization energy of lead we must either assume that they 
excite some level of ionized lead or that in an impact with a lead atom the 
mercury atom is brought to some intermediate level, the excess of energy 
raising the lead atom to some excited level. 

Since the levels nearest to *P, of Pb II are at distances of 14081, 69740, 
68964, 92514 and 92529 cm." from it, none of these can be resonantly 
excited by the upper states of the weakened Hg lines. Hence the second 
alternative seems to be the only one left. Here the intermediate state to 
which the Hg atom falls seems to be arbitrary. But in the following we have 
suggested processes which can explain the observed strengthening of some 
lead lines or which at least do not require any alteration of intensity which 
does not occur according to our observations. 

Hg’ (8°S,) + Pb (®P,)—> Hg’ (68P,) +- Pb’ (6p7s ®P,°) 
73959 + 0 37642 + 35285 
or Hg’ (8°S,) + Pb (®P,)—> Hg’ (68P,) + Pb’ (6p7s *P,*) or Pb’ (6p7s *P,”) 

73959 + 0 39410 + 35285 or 34958 
This explains the weakening of \ 2894 of Hg and the strengthening of 2833 
or 3683 of Pb. 

Hyg’ (8°D,) + Pb (@P,)—> Hg’ (@P.) -+ Pb’ (6p7s °P,”) 
79676 + 0 44040 + 35285 


This explains the weakening of A 2378 of Hg and the strengthening of A 2833 
of Pb. For the weakening of 5676, 2700, 2699 of Hg we have 
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He’ (9°P,) + Pb (*P,)—> Hg’ (*P,) + Pb’ (6p7s *P,°) 


79961 + 0 44040 + 35285 
Hg’ (9°D.) + Pb (*P,)—> Hg’ (*P,) + Pb’ (6p7s ®P,°) 
81074 + O 44040 + 35285 ; 
and Hg’ (9°Ds) + Pb (@P,)— Hg’ (*P.) + Pb’ (6p7s *P,°)- 
81082 + O 44040 + 35285 


For the weakening of 2640 and 2603 of Hg we may have either 
Hg’ (10°D,) + Pb (?Py)—> Hg’ (*Py) + Pb’ (6p6d 2,°) 


81899 + 0 37642 + 46059 
and Hg’ (11°D,) + Pb (®P,)—> Hg’ (*Po) + Pb’ (6p6d 2,° 
82439 + 0 37642 46059 


involving an explanation of the strengthening of A 2614 of Pb; or we may 
have 
Hg’ (10°D,, 11°D,) + Pb (*P,)—> Hg’ (P,) + Pb’ (@S,) 
81899, 82439 + 0 54066 +- 29456, 


which cannot be tested by alteration of intensity of any line within the region 
of our observation. 


Concluding, we may say that the experiments prove the existence of an 
exchange of energy at impact which is subject to a law of resonance, 
but until quantitative intensity measurements are made, it is not possible 


to test all the processes suggested above as possible explanations of the 
observed changes of intensity. 


Finally, we have great pleasure in thanking Prof. A. Venkat Rao Telang, 
for the many facilities placed at our disposal. 
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THE condensations of o-nitrobenzaldehyde with seven different aliphatic 
and aromatic acid amides have been already reported (Ittyerah and Pandya’). 
In the present paper are given the condensations of m- and p-nitrobenzal- 
dehydes with the same amides. The reactions proceed well, the products 
are in all cases the satarated nitrobenzylidene-bisamides, formed by the re- 
action of one molecule of the aldehyde with two of the amide. The 
optimum temperature is 130-40°; higher temperatures produced resinifica- 
tion and lower temperatures reduced yields leaving some of the materials 
unacted. Heating longer than eight hours also caused resinification. 


Pyridine or any other base, used even in traces, did not increase the 
yield generally under the condition that were attempted. This experience 
in the case of the o-nitrobenzaldehyde condensations! discouraged attempts 
in the present case. 

The yields in the case of the m- and p-nitrobenzaldehydes were distinctly 
higher than in the case of the o-isomer: in fact the p-isomer reacted most 
quickly, usually two hours were sufficient to give the same yield as was 
obtained from the others after longer heating. The o- takes the longest time 
and gives comparatively the smallest yields: the m- is quicker and gives also 
better yields: the p- may be put down as the quickest, giving excellent yields. 

All the condensation-products are white needle crystals, except the pro- 
ducts of the p-nitrobenzaldehyde-acetamide and -formamide condensations 
respectively. 

The condensation-products of the three nitro-benzaldehydes differ 
from the products of the condensations of the three hydroxy-benzaldehydes, 
not only in chemical character, but also in their inability to give any coloura- 
tion with concentrated sulphuric acid in the cold.»*4 They certainly 
dissolve in the cold concentrated acid, but give no colour, unless kept at 
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room temperature for about twenty-four hours, when only a pale yellow 
colour develops, which may be due to decomposition. Decomposition and 
charring take place when the acid solution is warmed. 


Refluxed with dilute sulphuric acid, hydrolysis takes place and the alde- 


_ hyde and the amide are obtained. 


So also attempts to nitrate products like benzylidenebisacetamide with 
a mixture of nitric and sulphuric acids were unsuccessful, decomposition 
taking place instead. 


Only two of the products reported in this paper have been previously 
made, namely m-nitrobenzylidene-bis-acetamide and the corresponding 
-bisbenzamide, by Glazer and Frisch (1928).5 The melting-points of their 
products, as reported are, however, very much lower than those of our 
products. The rest are new. 


The comparative yields of the condensation-products of the three nitro- 
benzaldehydes can be seen in the table at the end. It may be noted that 
phenylacetamide gives almost theoretical yields with the m- and the p-nitro- 
benzaldehydes, while the n-heptamide gives the same good yield with all 
the three. 


While the yields in the case of these mono-nitrobenzaldehyde-amide 
condensations have been so good, it is remarkable that the 2 :4-dinitrobenzal- 
dehyde aitogether failed to condense with either acetamide or with benzamide, 
although a very large variety of conditions were tried. The difficulties met 
with in the condensation of this aldehyde with malonic acid have already 
been recorded in another place.® 


Experimental 


Condensation of m-nitrobenzaldehyde. 


Condensation with Formamide: m-Nitrobenzylidenebisformamide—The 
reaction was extraordinarily quick, good yields being obtained only on ten 
minutes’ heating of the two on water-bath. Longer heating (eight hours) 
gave resins from which only a small amount could be isolated. When taken 
in 1:2 mole. proportion (4 g. and 2-4 g.) a solid was formed in ten minutes, 
which was digested with water and washed with ether; the residue, on 
recrystallisation from alcohol; melted at 168°. The yield was 59-5% (3-5 g.) 
but was raised to 67% when the ratio of the two was 1:3 mol. The bisforma- 
mide was soluble in acetone, moderately soluble in alcohol and insoluble in 
ether. [Found: Nitrogen, 18-47%; C,H,O,Ns requires 18-83%. Mole- 
cular weight, (Rast) 221-3, calc. 223.] 

AS 
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Condensation with Acetamide m-Nitrobenzylidenebisacetamide.—?2 g. 
aldehyde and 1-6 g. amide (1:2 mol.) were heated as usual: the mass remained 
a clear straw-coloured liquid for the first six hours, but afterwards small 
white crystals began to make their appearance. Heating was stopped after 
eight hours. The yield was 0:8 g. or 24%. The same experiment was 
repeated with a trace of pyridine, but the yield did not alter. Another lot 
heated at 140° for four hours showed vigorous reaction, copious~ water- 
vapours being given off and solid formation-of the product taking place ‘more 
quickly. The yield was 3 g. or 60%. It was soluble in-alcohol, less in cold 
alcohol, still less in chloroform and insoluble in ether, The recrystallized 
needles melted at 255-56°. Glazer and Frisch® (1928), have reported 
236-37°. (Found: Nitrogen, 16°98, 16-88%; C,,H,30,N;3 requires 16-73%.) 


Condensation with Propionamide: m-Nitrobenzylidenebispropionamide.— 
As in the preceding case, the reaction was very slow on water-bath, crystals 
started to show themselves at the end of six hours. After eight hours” heat- 
ing, the product, taken out as usual, weighed only 17% of theory. Pyridine 
did not alter the yield when used in a trace, but heating at 130-40° for four 


hours accelerated the reaction and produced an yield of 67-3%. 


Recrystallised from hot alcohol, the bispropionamide melted at 200-21". 
Its solubility in organic solvents was similar. [Found: Nitrogen, 15-36, 
15-23%; C,3H,,O,Ns requires 15-06%. Mol. Wt. (Rast), 270-6: calc. 279.] 

Condensation with n-butyramide: n-Nitrobenzylidenebis-n-butyramide.—As 
the n-butyramide was found to sublime ina large amount during the course 
of the heating, a small amount of glacial acetic acid was also added to the 
reaction-mixture. 0-75 g. m-nitrobenzaldehyde, 0-9 g. »-butyramide and 
0-5 g. glacial acetic acid were mixed and heated at 105-10° for six hours. 
The whole melted quickly and after about two hours the formation of a solid 
was noticed. The product taken out as usual weighed 1-3 g. 84:6%. m.p. 
194°. (Found: Nitrogen, 13-96%; the bisbutyramide C,;H.,0,N3 requires 
13-68%.) | 


Condensation with n-Heptamide : m-Nitrobenzylidenebis-n-heptamide.— 
0-75 g. aldehyde and 1-3 g. amide were heated alone at 105-10° for six hours. 
The product weighed 1-9 g. yield 97%, m.p. 149°. aoe Nitrogen, 
10-87%: the bisheptamide C,,H3;0,N; requires 10-74%.) 


Condensation with Benzamide: ee eee alle 
3-0 g. aldehyde and 4-9 g. amide at 130-40° for four hours.- After cooling, 
the mass was extracted with methyl alcohol and the bisbenzamide recrystal- 
lized from an acetone-alcohol mixture. M.P. 228-30° (224°, according to 
Glazer and Frisch’). Yield— 6g. or 80:5%. [Found: Nitrogen, 11-42%; 
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the bisbenzamide C,,H,,O,N3 requires 11-20%. Mol. Wt. (Rast) 365-4: 
calc. 375.] 


Condersation with Phenylacetamide : m-Nitrobenzylidenebis-phenylaceta- 
mide.—Heated as above, the mixture quickly softened but soon set to a hard 
mass which was, at the end, digested with hot water, then washed with a 
little ether, and recrystallised from hot alcohol. Yield = 5-2 g. (from 2 g. 
aldehyde and 3-6 g. amide), i.e., 97-4%. m.p. 214-16°. [Found: Nitrogen, 
10:60, 10°51%; the bisphenylacetamide C,3;H,,0,N3 requires 10-42%, 
Mol. Wt. (Rast), 410-2, calc. 403.) 


Condensation of p-Nitrobenzaldehyde. 


Condensation with Formamide: p-Nitrobenzylidenebisformamide.—Heating 
under different conditions was tried, at 60-70°, on the water-bath and at 
120-30° temperatures and from four to ten hours. A _ very large 
number of experiments were made, all of which gave a dark red or orange 
amorphous powder, insoluble in almost all the usual solvents, except acetone. 
Purification was very difficult, the product generally obtained melting at 
210-20°. The nitrogen content was found to be about 1-2% low. Mole- 
cular weight (Rast) was found to be 736 and 747, the calculated value is 
only 223. The product is apparently a polymer, or a mixture of several 
polymers. 


1-0. aldehyde and 0-6 g. formamide were mixed and dry hydrogen 
chloride was passed in it for two hours. Heat was evolved during this’ 
operation. The solid was then extracted with water and then ether, and 
finally recrystallised from alcohol. The colourless needles melted at 194°. 
Yield= 1-0 g. or 67:7%. (Found: Nitrogen, 18-66%; the bisformamide 
CsH,N,O3 requires 18-83%). 


Condensation with Acetamide: p-Nitrobenzylidenebisacetamide.—No con- 
densation was found to take place when the two were heated together on 
water-bath for even ten hours. 1-0 g. aldehyde and 0-9 g. formamide were 
heated together at 120-30° for four hours. The mixture first melted to a 
light yellow liquid and crystals began to appear after some time. Cooling 
and extracting in the usual way gave 0-9 g. of the bisamide, 54:2% yield. 
Recrystallised from dilute acetone, the pale yellow needle crystals melted 
at 272°. The solubility and chemical character were similar to those of the 
other products. Heating for more than four hours did not improve the 
yield and made the product dark-coloured and difficult to crystallise 
(Found: Nitrogen, 16:4, 15-58%; the bisacetamide C,,H,,O,N; requires 
16-73%.] 
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Condensation with Propionamide: p-Nitrobenzylidenebispropionamide— 
3 g. of each were mixed and heated at 130-40° for two hours ; at the end of 
which the whole had become a solid crystalline mass. (Note.—longer heat- 
ing might possibly improve the yield.) The bisamide was treated with 
water and then with dilute alcohol: the yield was 3 g. or 54-1%, m.p. 252°, 
Long silky needles. (Found: Nitrogen 14-86, 15-05%; the bispropionamide 
C,3H,;O,4N; requires 15-06%.) 

Condensation with n-Butyramide: p-Nitrobenzylidenebis-n-butyramide.— 
0-75 g. aldehyde and 0-9 g. amide were heated together at 110°. The mix- 
ture first fused and solid-formation was noticed after three hours. There 
was also some sublimation, the sublimate having formed on the inner wall 
of the condenser. The solid in the flask was a high-melting substance. The 
sublimate was washed down with a little glacial acetic acid and the heating 
continued for three hours more (total about six hours). The product was 
treated with water and filtered: the residue was washed with ether and 
crystallised from alcohol. Yield=1-1g., 71-7%, m.p. 224°. (Found: 
Nitrogen, 13-72%; the bisbutyramide C,;H,,O,N, requires 13-68%.) 


Condensation with n-Heptamide: p-Nitrobenzylidenebis-n-heptamide— 
0-7 g. aldehyde and 1-3 g. amide were heated together at 105-10° for six 
hours. Crystal-formation was noticed after about one hour’s heating. At 
the end the product was extracted with a little cold alcohol, and the residue 
crystallised from alcohol. Yield=1-9g., 97-4%, m.p. 170°. Found: 
Nitrogen, 10-97%; the bisheptamide C,,H3,0,N;3 requires 10-74%.) 

Condensation with Benzamide: p-Nitrobenzylidenebisbenzamide.—3 g. 
ald. hyde and 4-8 g. benzamide were heated at 130—40°: the reaction appeared 
to be complete in two hours. The product recrystallised from acetone- 
alcohol melted at 258-59°. Yield=6g., 80-5%. [Found: Nitrogen, 11-53, 
11-27%; the bisbenzamide C,,H,,0,N3 requires 11-20%. Mol. Wt. (Rast) 
371, calc. 375.] 

Condensation with Phenylacetamide: p-Nitrobenzylidenebis-phenylaceta- 
mide.—2 g. aldehyde and 3-6 g. amide were heated together at 130-40° for 
two hours and the reaction product was extracted first with hot water and 
then with dilute alcohol. Yield =5-2 g., 97-5%. Recrystallised from acetone: 
alcohol it melted at 248°. [Found : Nitrogen, 10-59, 10-60% ; the bis- 
phenylacetamide requires C.3H,,0,N3, 10°42%. Mol. Wt. (Rast) 415, 
calc. 403.] 

Condensation of 2:4-Dinitrobenzaldehyde. 


Condensation with Benzamid2—All attempts failed. About fifteen 
expe'iments were made, using water-bath, 130-40°, traces respectively of 








~~ Pv 


oe sY 


f 





The Condensation of Aldehydes with Amides—X 263 


pyridine, piperidine, lutidine, and triethanolamine, pyridine in molecular 
proportions, concentrated sulphuric acid, alcohol and dry hydrogen chloride, 
glacial acetic acid, acetic acid and acetic anhydride, acetic acid and dy 
hydrogen chloride and anhydrous zinc chloride. 


With Acetamide.—No condensation took place when heated alone, or 
with traces as well as molecular proportions of lutidine, pyridine and p:per- 
idine respectively. 

Many other conditions involving changes in temperature up to 160° 
and in heating hours, from four to fifteen, were also tried, but without 
success. 

Summary 

Condensations of m- and p-nitrobenzaldehyde with seven different 
amides are reported, most of the products being new. The p-isomer seems 
to undergo condensation in the shortest time, the m-being intermediate. 
The p- also gives the best yields. There is a clear indication of the influence 
of the particular position occupied by the nitro-group on the ring of the 
aldehyde molecule. The influence of the different groups associated with 
the amido group in RCONH, is even more obvious. The 2:4-dinitrobenz- 
aldehyde, on the other hand, does not appear to condense. 


TABLE 
Yields of Nitrobenzylidenebisamides, highest °% Obtained 
Amide O- m- p- 

Formamide .. 40 67-7 67-7 

Acetamide .. 48-2 60 54-5 

Propionamide .- 48-7 67-3 54:1 

n-Butyramide -« 65%} 84-6 71°7 

n-Heptamide vs SF 97-1 97°4 

Benzamide oc. a 80-5 80°5 

Phenylacetamide .. 46-9 97°4 97:4 
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+ obtained with a trace of pyridine. 


Most of the p-compounds were obtained within about half the time taken by the o- and the 
m- analogues. 
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Introduction 


DURING certain experiments which were carried out in the Irrigation 
Research Institute and reported in these Proceedings,’ it was observed that 
the level of water in a pipe embedded in a soil rises very considerably 
when a very small quantity of water was added to the surface of the soil. 
As an example while the quantity of water added, if it actually percolated to 
the subsoil, could raise the water-level in it by only -04 cm., the actual 
rise observed in the pipe was about 8cm. It was concluded therefore that 
the fluctuation of the level in a pipe is only an indication of the change 
in pressure deficiency at the soil surface and not an indication of the actual 
contribution of water to the water-table. , 


The reason for this abnormal rise was explained as being due to the 
flattening of the concave menisci at the soil surface on the addition of 
water and the consequent decrease in pressure deficiency. This rise there- 
fore, is related not directly to the quantity of water added to the subsoil, 
but to the decrease in pressure deficiency at the micro-interfaces of the 
soil-air-water. If this is the case, evaporation from saturated soil surface 
must bring about an abnormal fall in water-level in a pipe embedded in 
a soil because a small quantity of water removed by evaporation can 
cause a considerable change in the curvature of the menisci and this also 
depends on the grain size of the soil. A finer soil should show a greater 
depression than a coarser one, for the same loss of water by evaporation. 
If the view expressed above is correct, then in the case of a stratified soil, 
having for example a fine stratum at the top and a coarse one_ below, 
the water-level in a pipe must initially fall due to evaporation; but, when 
the soil-air-water interface has reached the coarser stratum, a decrease in 
pressure deficiency must result and the falling water-level in the pipe must 
begin to rise. 


264 





New Phenomenon in Movement of Free Water-Level ina Sotl 265 


From what has been said above, it appears that a magnified and com- 
plicated effect on the movement of water-level in a pipe or well is produced 
by evaporation, rainfall or irrigation. These effects are most pronounced 
when the level of water is at a distance from the soil surface less than the 
capillary height of the soil. The magnitude of the effect when the water- 
level in the pipe is beyond capillary height is under investigation. 


The existence of such a magnified and complicated effect brings us to 
the difficulty, as to how to interpret the fluctuation of water-level in a pipe 
or well in their true relation to the quantity of water removed by processes 
such aS evaporation and drainage or added by rainfall, irrigation and 
seepage. If the movement of the water-level in a pipe is brought about 
by a decrease or increase in the curvature of the water menisci at the micro- 
interfaces, the mechanical composition and the moisture content of the 
soil lying above the indicated water-level must be known before a corre:t 
correlation can be made. The problem therefore of connecting the fluctu- 
ations of water-level in pipes and wells obtained in the usual surveys with 
irrigation, rainfall, seepage and evaporation does not appear to be as 
simple as has been thought in the past. 


In order to test the views expressed in the foregoing paragraphs, 
a series of experiments have been carried out. 


Experiment 


The experimental tube L consists of a galvanised iron pipe closed at 
the bottom shown in the inset in Fig. 1 about 200 cm. long and 8 cm. 
in diameter fitted with a number of side tubes S,, S,, S3, Sy and S;. The 
tube is packed under water with the soil to be investigated. Great care in 
packing is essential for faithful reproduction of the results. Water, free 
from air bubbles and suspended matter, is allowed to flow down the sand 
column continuously for about three weeks to quicken its settling. The 
pressure gradient, as given by the pressure pipes S,, S, and Sz, indicates the 
uniformity of packing along the length of the tube. The value of th: 
transmission constant is determined at intervals, and when it becomes 
constant it shows that the sand column has been stabilised. The inflow 
of water is now stopped. S,, S., S; and S, are closed while S;, which 
connects the main tube with the glass tube M, is opened. The level of 
water in M now rises to the level of free water in L. Evaporation is 
allowed to take place from the sand surface under atmospheric conditions. 
So long as there is any free water present above the sand surface, the 
level of water in M falls very slowly and remains the same as that in L. 
But as soon as the water-level in the pipe touches the sand surface the leve] 
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in M begins to fall vary rapidly. The level in M corresponding to the 
commencement of the rapid rate of fall is taken as the zero datum level. 
A pipe embedded in the body of the sand also gave the level as a check, 
but since the readings always tallied with those of M, and as the latter 
were easier to observe, the former readings were discontinued after some 
time and only the level in M was subsequently read. In the first set of 
experiments three specimens of sand, namely coarse, fine and very fine, were 
investigated. The experimental cylinder was packed with each specimen 
in turn and the readings of the side tubes were observed. This series 
gave the readings for homogeneous stratum. It may be pointed out here 
that the sizes of particles are not uniform, but the stratum consists of 
the same type of material and is hence homogeneous. In the second 
series of observations, the coarse sand mentioned above was packed in th: 
cylinder, but a few centimetres at the top were left for filling either with 
fine or very fine sand referred to above. This produced the required 
heterogeneity in the strata. Different thicknesses of the top layers were 


investigated. The results obtained are given in the following mn and 
are described with reference to them. 


Results 


Referring to Fig. 1, it will be seen that there are four curves in it, 
viz., a, b, cand d. The curve a represents the rate of evaporation from the 
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surface of water. This rate of evaporation is also equal to that occurring 
over a sand surface as it is well known that, when sand is saturated or 
neatly so, the rate of evaporation from it does not differ from that over 
a plane water surface, other conditions being similar. 


Curve b shows the rate of depression of water-level in the pipe with 
respect to time for very coarse sand. There is a rapid initial fali of about 
5cm. and subsequently the rate of fall becomes very slow. The sand 
particles in this experiment had a grade between 2:5 and 3:0 mm., and were 
too coarse to be analysed in a siltometer. 


Curve c shows the rate of depression of water-level in the pipe* for fine 
sand as indicated by the level in M. In this case the rapid initial fall 
continues up to about 45cm. and subsequently the rate becomes very slow. 
The curve is composed of three distinct parts AB, BC and CD. The fall 
along AB is very rapid but the rate of fall decreases in the region of BC. 
From C, the curve becomes almost asymptotic to the time axis showing 
that the rate of drepression is now very slow. The fine sand referred to 


here, was mechanically analysed in the optical lever siltometer? and its size 
distribution curve is shown in Fig. 2. 
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Fic. 2. Size distribution curve of fine sand 


Curve d in Fig. 1 shows the rate of depression of water-level in the 
pipe for very fine sand. The nature of the curve resembles that for fine 
sand, though the numerical values are of course different. The initial rapid 
fall continues up to 150cm. and then the rate decreases. The analysis of 
this sample is given in Fig. 3. 


The results of the movements of water-level when stratification exists, 
i.e., when there are two strata in the tube will now be described. 


——L 
* this was usually called water-table. 
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Fic. 3. Size distribution curve of very fine sand 


The four curves in Fig. 4 show the effect of evaporation on the move- 
ment of water-level in the tube M, when the cylinder L is packed with 
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coarse sand at the bottom and layers of different thicknesses of fine sand 
are packed at the top. The thickness ¢ of the layers is varied from 0-5 cm. 
to 10-5cm. as shown in the figure. In all the four cases investigated, there 
is an initial rapid fall of level. This rapid fall then ceases and a rise 
begins. Finally the water-level in the pipe attains an almost steady state 
when it has risen to about 10cm. below the surface of the coarse sand. 
In the case of the thinnest layer, this state is attained in about three hours, 
whereas with the thickest layer this takes about three days. This level is 
characteristic of the lower coarse stratum only. The composition of the top 
layer does not seem to affect this final steady level, though the initial fall 
is controlled by the top layer. It will also be noticed that the rise of water- 
level is not smooth, but is attained by a series of quantum-like movements. 

Fig. 5 shows the results of experiments similar to those referred to 


in Fig. 4, but here the top layers were composed of very fine sand. The 
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nature of the curves is similar to that for fine sand, but the initial fall of 
level is greater as would be expected. Thus, whereas the initial fall in case 
of fine sand with a layer of 0-5cm. thickness at the top is about 30cm, 
it is 70cm. for very fine sand. The final steady level attained after the 
reversals are complete, is the same as that for fine sand referred to before, 
because the bottom layer determines the level and the coarse sand is 
similar in both cases. The time taken for the final level to be attained 
is longer in this case than that in the case of fine sand, but as the various 
grades and thicknesses were not investigated under exactly similar atmo- 
spheric conditions of temperature, humidity, etc., a quantitative comparison 
of the time factor cannot be made. The rise of water-level after an initial 
fall and the quantum-like upward movements brought about by stratifica- 
tion are new phenomena and are of great significance. 


Discussion of Results 


It will be seen from the description of the results that the experiments 
fall under two heads: The first investigation is with homogeneous strata 
and the second with heterogeneous strata. These will be discussed in 
turn in sections (a) and (6). 


(a) The results in Fig. 1 with homogeneous strata show that in the 
initial stages, a certain amount of water (say Q) lost by evaporation pro- 
duces a depression in the water-level in the pipe much more than at the 
later stages. In the usual method of calculation, if A is the effective area 
of cross-section of the cylinder, the depression in water-level in the pipe 
will be equal to Q/A for a loss of Q. If the pore space is about 40 per cent., 
the effective area A is equal to 40 per cent. of the area of cross-section 
of the cylinder. For very coarse sand, the initial fall is about ten times 
that calculated from Q/A, while for fine and very fine sand, they are 
about 80 and 250 times respectively. 


These results show that the fall of water-level is dependent upon 
particle size under similar conditions of evaporation. The same amount of 
evaporation has widely different effects on the different specimens. Also 
if a small amount of water is sprayed on to the surface of very fine sand 
in the tank, the level in the tube M was found to rise much more in the 
case of fine sand than that in coarse one. The effect of evaporation is 
opposite to that of spraying of water on the sand surface. It may be 
pointed here that these effects are shown when the level in the pipe is 
within capillary height of the soil from the surface. 


The observation here is of practical significance. When water-level in 
a pipe is not deep, it may be expected that it is within the capillary height. 
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In such a case, rainfall, irrigation or seepage decreases the pressure defici- 
ency, so long as there is an air-water-soil interface anywhere between the 
water-level in the pipe and the surface of the soil. The pressure deficiency 
depends on the curvature of the water menisci at the top of the capillary 
column and, hence, on the particle size. There is thus no direct quantita- 
tive relation which can exist between the rise of water-level in a well or 
pipe on the one hand and irrigation, rainfall or seepage on the other. 
The case of the depression of water-level in a well due to evaporation 
is similar to the above phenomenon. A pipe embedded in a soil 
measures the pressure deficiency characteristic of the grain size of the soil 
at the air-water-soil interface. It appears from our investigations in the 
laboratory, that this pressure deficiency attains its maximum at about 
150cm. in very fine sand as judged from the portion corresponding to 
ABC in Fig. 1. This value is not in conformity with that of Keen. 
Keen, even in heavy loam obtained a steep fall of level of only 90cm. 
His curve resembles in form those obtained by us, but his final value is 
much smaller and also the period in which the phenomenon occurred in 
the present investigation is less than a day, whereas in Keen’s deduced 
curves the period extends to a few months. 


According to Keen’s experiments a rapid initial fall is marked to about 
35cm. in coarse sand, 70cm. in fine sand and about 85cm. in heavy 
loam. In the present investigation, the value for coarse sand is about 
5em., that for fine sand about 45cm. and that for very fine sand about 
150cm. One may therefore expect that in heavy loam the value will be 
still greater. The classification coarse, fine, etc., as is given usually in 
such papers, is only qualitative. The analyses of the specimens of sand used 
in the present investigation are given in Figs. 2 and 3. The main point 
here is that Keen from his observations deduces that even in heavy soils, 
the range over which capillarity can be regarded as effective in supplying 
any quantity of water in a reasonable time is only about 90cm. or 3 feet. 
Ii the interpretation which Keen puts on the observations is correct then 
the value of 90cm. does not appear to be correct. 


But it seems that Keen’s interpretation of the results is not correct. 
He bases the rapid initial fall in free water-level in the pipes on the experi- 
ments of Haines. Keen states that “‘ from a consideration of the suction 
pressure or pressure deficiency, as developed by Haines, the reason for the 
tapid initial fall is evident. Haines’ curve for the relation between pressure 
deficiency and moisture content of the soil shows that just below saturation 
the moisture content changes very slightly for an appreciable increase in 
Pressure deficiency, above its initial zero value at saturation.”* (page 507, 
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line 25). This is not the case and there is no appreciable increase in pressure 
deficiency for slight changes of moisture content just below saturation as 
will be seen by the following experiment. A porous pot was embedded 
into a vessel containing sand packed under water and saturated. The 
porous pot was connected to a sensitive mercury manometer and filled with 
water. The pressure at saturation was of course zero. 


A second specimen of the same sand with a quantity of water slightly 
less than that required for saturation was similarly packed and the mano- 
meter reading was noted. The moisture content was determined at the 
beginning and end of each experiment. Practically no difference was 
obtained in the values of the moisture content for very little evaporation 
was allowed to take place during the period of each experiment. A series 
of values for pressure deficiency and different moisture contents were thus 
obtained, each set of the values being the result of a separate experiment. 
The first set was carried out on the specimen of sand referred to in Fig. 2. 
The result is shown in Fig. 6 (Curve a). The curve is very smooth down 
to full saturation and no abrupt change as referred to by Keen* was 
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obtained. A mixture of the same specimen of sand with another soil 
was again investigated but with similar results. There is therefore no experti- 
mental evidence in support of such an explanation as offered by Keen 
for the rapid initial fall of water in the pipes. Secondly, Haines has also 
stated that ‘“‘ the main features of the pressure deficiency curve, namely 
a distinct bend at each end with a flat intervening portion, become smoothed 
out as the particle size becomes less uniform, for there is then a smooth 
wide gradation in the pore spaces. Thus the measurements recorded for 
actual soils by Kornev show an almost uniform slope for the curve’’.t What- 
ever therefore might have been the case for glistening dew or such materials 
having all particles of uniform size, in the case of ordinary sands no abrupt 
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change of pressure deficiency with slight fall of moisture content is 
obtained. 


The initial rapid fall in the free level in the pipes cannot therefore be 
explained on the hypothesis of Keen. On the other hand, this fall is caused 
by the pressure deficiency due to the curvature of the water menisci at 
the top of the capillary column. There is therefore no unsaturation in the 
body of the sand above the free level indicated by the pipe. The sand 
is saturated almost to the top but there is no plane water surface, innumer- 
able menisci having been formed at the top of the capillary column in the 
sand and giving it the curvatures, which in turn cause the pressure defici- 
ency. It is thus a meniscus effect reflected in the pipe. The difference here 
is quite fundamental, because it clearly negatives the idea that in the 
sand above that of free level of water in the pipe, the zone is unsaturated. 


Another evidence, if necessary, in support of the meniscus theory is 
that in the present investigation the rapid initial fall was complete in a few 
hours. During such a short period, the water-level in the body of the 
sand canno. have sunk by more than a few millimetres, while the pipe 
shows a fall up to 150 cm. in very fine sand. The theory of unsaturation 
cannot hold for it is not possible in a few hours for the whole body of sand 
to become unsaturated. This point is only indicated here as an additional 
support for our explanation, though the experimental evidence was suffi- 
cient to disprove the unsaturation theory as offered by Keen. 


Another point to which attention may be drawn here is that Keen 
deduced the composite curves* as a result of a few months’ work and states 
that it thus represents “‘ an extreme and simplified state of affairs unrealiz- 
able in practice in temperate climates although the great draught of 1921 
afforded a: fairly close approach to this condition ’’* (page 509, line 8). 
In the present experiments the rapid initial fall took place in a few hours 
and the condition was very easily realisable, i.e., a steep fall and then 
a smooth one as is shown in his curves. It is true that the climate in the 
Punjab is dry and hot and not like that at Rothamsted, but it is difficult to 
understand why such a condition cannot be realized in temperate climates 
within a reasonable interval, if the experimental conditions are suitably 
arranged. One essential condition to realize this state quickly was found 
to be that the diameter of the pipe should be small compared with that of 
the cylinder containing sand, so that the water in the pipe itself shall not act 
as a source of supply of water to counteract the effect of evaporation and 
secondly the bottom of the pipes should not get choked as was quite possi- 
ble in such experiments of long duration as done by Keen. 
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(b) The experiments on the movement of water-level in the pipes in the 
cases of heterogeneous strata will now be discussed. They show that as 
evaporation proceeds over a stratified medium, the top layer being finer 
than the lower one, the water-level in the pipe undergoes a rapid depres- 
sion. After a certain time usually of the order of hours, the falling water- 
level begins to rise. 


This phenomenon of the reversal of a falling water-level is shown by 
fine as well as very fine sand with coarse sand as the bottom layer. Within 
the limited ranges of thickness of the top layers which have been investi- 
gated, this reversal takes place in all cases and the phenomenon itself is not 
dependent on the thickness. 


The initial fall of water-level as observed in very fine sand is greater 
than that in fine sand, for the same thickness of the top layers. This may 
be explained by the fact that in very fine sand the pores, on the average, 
have smaller cross-sections than those in fine sand, so the menisci lying at 
the soil-water-air interface in very fine sand will have a greater curvature, 
thus exerting a greater pressure deficiency. Hence the level falls to a 
greater depth with smaller particle size. As soon as the air-water-soil 
interface comes in contact with the coarser stratum below, the curvature 
of the- menisci flattens, so the pressure deficiency decreases, and the water- 
level in the pipe begins to rise. Though at first sight it would appear that 
this phenomenon is strange, it is as would be expected according to capil- 
larity. The phenomenon of the reversal can thus be explained, by the 
decrease in the curvature of the water menisci as they leave the fine stratum 
and enter the coarser one. 


Though the phenomenon itself is independent of the thickness of the 
top layer, the magnitude of the initial fall is not independent. Thus in fine 
sand, while a top layer 0-5cm. thick causes an initial fall of 35 cm., the 
top layer of 10-5 cm. causes a fall of 45cm. This difference is even more 
pronounced in the case of very fine sand. In this latter case, the layer 
of 0-5cm. causes a fall of 65cm., whereas a layer of 10-5 cm. causes an 
initial fall of 140 cm. It thus appears, that to a certain extent, the magni- 
tude of the initial fall of level is dependent upon the thickness of the top 
layer. This may be explained as follows :— 


As evaporation proceeds over a saturated soil column, the pressure 
deficiency begins to develop due to the formation of the menisci at the 
surface. The curvature of these menisci goes on increasing for a certain 
length of time. Before the maximum pressure deficiency characteristic of 
that particular soil is developed, air penetrates through certain points to 
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the lower coarser layer. As soon as this happens, the pressure deficiency 
cannot develop any further. As the penetration of air occurs through a 
thinner layer sooner than that in a thicker one, the pressure deficiency 
developed is less in the former case than that in the latter. Of course, when 
the thickness is sufficient to develop the maximum pressure deficiency 
before the penetration of air into the lower layer occurs, any further 
increase in the thickness will have no effect on the magnitude of the initial 
fall, which would have attained its maximum value with this optimum 
thickness. 


After the first fall, the water-level in the pipe begins to rise, but the 
rise is not smooth. As will be seen from the nature of the curves, the 
upward movement consists of a series of quantum-like reversals. It appears 
that this quantum-like movement is in some way associated with the non- 
uniformity of the particles of sand in the top layer. This is under investi- 
gation. 


After this quantum-like rise has ceased, the level of water in the 
pipe becomes more or less steady. Subsequently there is a very slow 
fall This fall is slow because, it is now caused only by the loss due to 
evaporation and not by any change in pressure deficiency. Evaporation 
has to take place through the top layer and so the rate of evaporation is 
slow and hence the rate of fall also is very slow. Thus in about a period 
of one month the level only fell by 4cm. after the steady state was reached. 
This value is not shown in the curves but was obtained in subsequent 
observations. 


Another factor is the thickness of the top layer in relation to the time 
taken to attain the final steady state. Here, thicker layers take more time 
than thinner ones because in the former case the menisci take more time to 
penetrate and establish contact with the lower stratum than in the latter. 
The final state is attained when all the water menisci, which constitute 
the top of the capillary column, have left the top layer and made contact 
with the coarse stratum below. Thus, while the steady level is attained in 
four hours when the layer is 0-5cm., four days are required when the 
top layer is 10-5cm. This factor is of significance, because in field, if a top 
layer is a few feet thick and is finer than the stratum down below, the 
phenometion of reversal may take months to occur. Meanwhile rain might 


occur and disturb the phenomenon which would otherwise have been 
observed. 


These phenomena have an application to the case of seepage drains. 


Seepage drains are generally dug in water-logged areas with their bed below 
A6 
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the water-table, the water-table being indicated by the level of water in the 
pipes. The object is to drain away the water from the top layers of the 
soil. When the drain begins to operate, some water is drawn into it, 
but due to the removal of water by drainage, pressure deficiency is deve- 
loped at the natural surface. Evaporation from the natural surface con- 
siderably helps the development of this pressure deficiency. Due to these 
two causes, drainage will decrease and finally cease even if the soil above 
the level of the bed of the drain is still saturated. If therefore, it is desired 
to prevent the soil from being staurated for a reasonable depth below the 
natural surface, the capillary height of the soil must be considered before 
the drain is constructed. Thus for example if the capillary height o* the 
soil in the area is found by experiments to be say 5 feet and the water 
is to be kept free from a saturated state for a depth of 6 feet from the 
natural surface, the bed of the drain should at least be 11 feet below the 


natural surface. The problem of the effect of capillarity on drainage is under 
investigation. 


It will be seen from what has been observed and discussed in the fore- 
going pages that the water-level in a pipe embedded in a soil or a well 
responds to conditions not associated with a water-table. Sprinkling of 
water or evaporation raises or lowers the water-level in the pipe respectively 
out of all proportion to the amount of water added or removed. The 
water-level reverses when there is stratification and a rise of a falling water- 
level occurs without the addition of any water. To what does then the level 
of water in a pipe or well correspond ? 


It has been considered so far that the level of water in a pipe or well 
is that of the water-table in the surrounding soil. The implications of 
such a definition have not been known and there was no doubt about the 
cause of rise of level of water. It was always thought that a certain amount 
of water added to the soil by irrigation or rainfall contributed directly to 
the rise of a well level or water-table both being assumed to be identical. 
Conversely, evaporation removed a certain quantity of water and the well 
level fell and it was thought that the water-table also fell by the same 
amount. It was not suspected that the mechanism by which the level fell 
in a pipe or well was due to the development of pressure deficiency con- 
sequent upon the increase of curvature of the menisci at the soil-air-water 
micro interfaces. It will be seen from the investigation that if we take the 
well level as that of the water-table it will bring us to the anomalous 
position that water-table can rise or fall without the addition or removal 
of water and that the same additions or removals of water will cause 
very great differences in well levels according to grain size of the soil. 
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It is obvious that such a conception of water-table is of no practical use. 
It, therefore, becomes necessary to distinguish between the level of water 
in a well or pipe and the water-table. 


It is clear that the free surface of water in a well or pipe embedded 
in a soil is at atmospheric pressure and that at the same level there must 
exist a surface of water in the subsoil at atmospheric pressure, because 
there is a saturated connection. This surface is sometimes called the 
phreatic surface. This phreatic surface is not a free air-water interface in 
the subsoil, because within the soil the pores are full of water to a certain 
height above it. The height to which this moist belt extends in the subsoil 
above the phreatic surface depends on the grain size of the material. When 
a bore is made, the soil grains are removed and the phreatic surface is 
exposed, the water standing as in a pipe or well. A well or pipe indicates, 
like a manometer, only the movement of this phreatic surface. The 
phreatic surface is sensitive to changes of pressure caused by the increase 
or decrease of curvature of the water menisci at the surface of the capillary 
column in the soil as is shown by the investigation. 


As was mentioned in the previous paragraph there exists in the subsoil 
a moist belt above the phreatic surface, the height of which depends upon 
the grain size of the material. In this moist belt, the forces are due to 
capillarity and gravity. As we move up this moist belt, a continuous soil- 
ait-water interface will be encountered at a certain height above the 
phreatic surface. For simplicity if we take the grain size and packing as 
uniform this interface will be in a horizontal plane if the whole macro- 
surface is considered. This macro-surface will consist of an infinite number 
of menisci at the micro interfaces of the soil particles. It is the change 
of curvature of these micro interfaces which is responsible for the change 
of pressure at the phreatic surface. 


If we now consider this macro-surface as a whole, the pressure above 
this surface is atmospheric, but below it, the pressure is less than that. 
This macro surface will move up or down only by the actual contribution 
of water; that is to say, if Q is the amount of water contributed and 
A is the effective area of cross-section, then the movement will be Q/A. 
In this respect it behaves quite differently from the phreatic surface. The 
difficulty is that the former surface cannot be observed because as soon as 
a bore is made, the capillaries are removed and only the phreatic surface 
is exposed and this latter is observed in a pipe or well. This macro-surface 
marks the limit below which the soil is saturated and for purposes of 
waterlogging, it is this surface which counts. In the field this macro- 
surface may be considered as the water-table and not the free level in the 
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pipe as is observed in the surveys. The latter is only an indication of the 
phreatic surface and is a measure of the pressure deficiency caused by the 
curvature of the menisci at the micro surfaces of the capillary column. 


In nature, since the grain sizes composing a soil will not be uniform, 
the water-table according to the new definition will not be in a horizontal 
plane. Since the various processes such as evaporation, rainfall, irrigation 
or seepage do take place in nature, the phreatic surface is seldom static, 
but is fluctuating. But as stated before, its fluctuation is not a measure of 
the quantity of water added to or subtracted from the subsoil. The condi- 
tions stated here mainly refer toa high water-table. When the water-table 
is low and deep strata of partial saturation exist above the water-table, 
conditions are probably not so simple as stated here. But when the water- 
table is low there will be no water-logging and the case is not of practical 
interest. Experimental difficulties also increase considerably in the latter 
case. It will be attempted in due course. 


The investigation leads us to an explanation of the abnormal rise of 
water-level, very often noticed in the Punjab, during the onset of rains. 
As for example, it has been noticed that about a quarter of an inch of rain 
raises the water-level in many shallow wells by about a foot. As soon as 
a canal is opened the wells in the vicinity rise and attempts were made to 
connect this rise with the amount of water lost from the canal by seepage. 
A detailed consideration would have shown that there was some unknown 
factor as otherwise such abnormal rise could not happen. Theories such as 
pressure. transmission from under the soil or an abnormally high transmis- 
sion constant, etc., were sought for the explanation. But it is now seen 
that these explanations were not correct. 


Summary and Conclusion 


Experiments have been conducted to study the effect of evaporation 
on the subsoil water movement in soils consisting of homogeneous 
and heterogeneous strata. The samples were packed in _ cylinders 
200 cm. high and 8cm. in diameter. The level of free water in the 
subsoil was measured in a side tube. The first series of investigations 
were carried out when the tank was completely filled with (1) coarse sand, 
(2) fine sand, and (3) very fine sand. The specimens of fine and very 
fine sand have been mechanically analysed. The second series of expeti- 
ments were carried out with coarse sand at the bottom and different 
thicknesses of layers of fine or very fine sand at the top, i.e., with stratifi- 
cation. 
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In all cases, levels of water have been measured in a side tube when 
evaporation was allowed to proceed under atmospheric conditions. 


The main conclusions are that (1) when there is stratification, the top 
layer of the soil being finer than the bottom one, a falling water-level as 
observed in a pipe, will begin to rise, without the addition of any water, the 
top of the soil being exposed to the atmosphere. This rise is not smooth, 
but consists of a series of reversals, the water-level generally rising at 
each reversal. So far as known to us this is a new phenomenon, hitherto 
not observed. The phenomenon is caused by a decrease in the pressure 
deficiency brought about by the flattening of the water menisci at the 
surface of contact of the two layers of soil. When there is no stratification, 
there is a rapid initial fall followed by a very slow one. 


(2) A pipe measures the phreatic surface in stratified or uniform 
medium. 


(3) Simple quantitative relation, between movement of water-level in 


a pipe and rain, irrigation, seepage or evaporation cannot therefore be 
expected to exist. 


(4) When the water-level is within the capillary height of the soil from 
the surface, its fluctuations due to rainfall, irrigation, seepage or evapora- 
tion are many times greater than when it is beyond the capillary height. 


(5) Seepage drains, the depths of which are within the capillary height 
cannot remove the subsoil water, because of the development of pressure 
deficiency on the soil surface due to evaporation and drainage. 


(6) Keen’s conclusion, that the maximum range over which capillarity 
is effective in supplying any quantity of water in a reasonable time is only 
about 90cm. even in heavy loam, is not confirmed by our experiments. 
A rapid initial fall of 150 cm. was obtained in very fine sand in the present 
investigation when there was no stratification. The explanation which 
Keen has offered for the phenomenon of rapid initial fall in the pipes as 
based on Haines’ curves, i.e., of a rapid increase of pressure deficiency with 
slight fall of moisture content just below saturation is not found to be 
correct. On the other hand, the rapid initial fall is caused by the curvature 
of the water menisci at the soil-air-water micro interfaces on the top of the 
capillary column. 


(7) The free level of water in a pipe or well corresponds to the phreatic 
surface in the subsoil. Since the pores are full of water to a certain height 
above the phreatic surface, the free level in a pipe may be distinguished 
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from the water-table. The water-table should be considered as that surface 
below which the pores are,full of water and may include what is called 
the capillary fringe. From the point of view of water-logging, it is the latter 
definition which is of practical use. 


We have great pleasure in thanking Dr. E. McKenzie Taylor for his 
keen interest in the problem. 
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THE present communication is a continuation of Parts X, XIi, XV, XVI and 
XVII,} and consists in the determination of the optical rotatory dispersion 
of the condensation products of oxymethylenecamphors (d, /, dl) with amino- 
acetanilides (0, m, p) and with p-aminodimethylaniline. The products of 
hydrolysis of these acetylated compounds afford us an opportunity to study 
the effect of substitution on rotatory power of a free amino group in the 
benzene nucleus at different positions. 


The condensation product of oxymethylene-d-camphor with o-amino- 
acetanilide was an oil which refused to solidify. The meso or internally 
compensated § p-phenylenebisamino-methylenecamphor was prepared by 
condensing p-aminoanilino-methylene-/-camphor with oxymethylene-d-cam- 
phor (vide Experimental). 


p-Aminoanilinomethylene-d-camphor was condensed with d-camphor- 
quinone in the usual way (vide Experimental). 


The Effect of Chemical Constitution and the Nature of Solvent on Rota- 
tory Power.—(i) Since polar effect of a substituent group is traceable in 
optical activity, we should expect a decrease or increase in the rotation 
of the derivative according as the substituent group is more negative or posi- 
tive than the substituted one. The position of NH, group in the “ polar” 
series is not known with certainty. Since a parallelism has been drawn 
between several electrophysical properties such as dissociation constants of 
substituted acetic or benozic acids (Rule?), specific inductive capacity (Rule?) 
and electromagnetic rotation of compounds of the type, C,H;X* and the 
“polarity ” of the substituent group, we can roughly, subject to minor 


variations, have an idea of the position of the NH, and N (CH;), groups in 
the “ polar ” sequence, 
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For example we get for 


Electromagnetic rotation: N (CHs).> NH,.>Br> OCH,>Cl> 
CH,>OH> CHO> CN> COOH> 
NO,; 
Specific inductive capacity : NO,> CN>CO-:CH,>CHO>CI>OH> 
NH,>Br>N (CH3),>OCH;>C,H;> 
CH,;>H; 
Dissociation constant of CH,X-COOH; 
CN>COOH>CI1>Br> 
C,H;>H>CH,;,>NH,.>N (CHs),; 
do. C,H, X:COOH; 
NO,>COOH>Br> _ 
Cl>OH> CH,>OCH,>H>NH,> 
N(CHs)e. 
In these studies, it will be more rational if the effect of substitution on the 
dissociation constant of the substituted anilines, C,H,X. NH, is compared 
with the specific rotation of the compounds, which are the condensation 
products of oxymethylenecamphor with these aromatic bases. The disso- 
ciation constant values for these bases give the following sequence :— 


Ortho: N (CH;),>H>CH,;>OCH,>Cl>COOH>NO,; 7} 


Meta: CH,;>H>Br>Cl>COOH>NO,; (Landolt) 


Para: | N (CH,;),>OCH,;>CH,>H>Cl>Br>COOH>NO,. 


The sequence of rotatory power of p-substituted anilinomethylenecamphors 
in different solvents as revealed by comparing (a)#°,,,, (Table A), closely 
corresponds, subject to minor variations, to the Landolt-p-series as well as 
to the different series cited above, representing the influence of substituent 
groups on specific inductive capacity, electro-magnetic rotation and acidity 
or basicity of compounds. The analogy between the effect of substitution 
on optical activity and on other electrophysical properties, which has been 
previously referred to is, therefore, further confirmed. 


The importance of the study of dispersion in the investigations of the 
effect of constitution on the rotatory power has been repeatedly emphasised 
by us in previous communications. In our opinion, even this is not: suffi- 
cient, as we have often come across a number of instances which when com- 
pared, lead to diametrically opposite conclusions if we go beyond a certain 
wave-length and do not confine ourselves to the same for polarimetric exami- 
nation. (This limit, of course, varies with the nature of the compound and of 
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the solvent). For compounds which exhibit “simple” dispersion, the 
solution may be looked for in another direction. In the Drude’s equation 


[a] = _ when A? = A,?-+1, i.e., for the value of A always in the infra-red 
= 9 


region beyond 10,000 A.U., Ko is numerically equal to the specific rotation 
{a] which may be termed the ‘ absolute rotation’ of the compound and which 
is a constant for the same. This value is independent of the wave-length 
and it will serve our purpose if we compare the values of Ky of the different 
compounds in different solvents with one another. From such a comparison 
(Table A) for the different meta-substituted anilinomethylenecamphors 
(which have been found without exception to obey the simple dispersion law), 
we get the sequence, H>CH;>NH,>Cl>Br>I, for all the solvents. Except 
for the interchanging of the position of Cl and I, this agrees closely with the 


“polar” series (Rule*): OH, Cl, Br, I, NHg, C.H;, H, COOH, CHO, COCHsg, 
CN, NO,, which represents a gradual transition from highly negative to 
highly positive polarity. 


(ii) Effect of Acetylation: Since the introduction of NH, group in the 
benzene nucleus in the para position is accompanied by an increase of rota- 
tion (Table A), this effect may be expected to be counteracted by the intro- 
duction of a strongly positive “ acyl’? group which introduces an electro- 
static moment of opposite orientation to that of the negative NH, group. 
This is in agreement with the observed facts, since experimentally in the 
p-isomerides we get the sequence of decreasing rotatory power as, NH,> 
Un>NH.Ac, for all the solvents and for all wave-lengths. But this rule does 
not hold good in the case of substitution of m-isomerides where experimen- 
tally we get the sequence: Un>NH,>NH-Ac, in place of the expected 
one, Un>NH-Ac>NH,, if not, NH-Ac>Un>NH.g: for since the introduc- 
tion of the NH, group in the meta position is accompanied by a decrease 
in rotatory power, the introduction of an acy/ group may be expected to cause 
an increase in the rotation of the resulting compound, at least to the extent of 
being more than that of the amino compound. In previous communica- 
tions,» we have, however, shown that the acetylation of an amino group 
generally lowers the rotation of the parent compound; in some cases, so 
much so, that the sign of the rotatory power is reversed. In the present 
paper we also observe lowering of rotation on acetylation in general. Hence 
the assumption that the electric field exerted at the asymmetric atom by the 
attached side chains is the factor governing optical rotation is either not corro- 
borated by experimental facts or our knowledge of other factors affecting 


the same is too meagre to explain these deviations accurately and satis- 
factorily. 
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(iii) The Effect of Unsaturated Conjugation : On comparing the structural 
formule and rotatory power in pyridine of 1 : 4 phenylenebisiminocamphor 
(XV), 1:4 phenylenebisaminocamphor (XVIII), 1 : 4 phenylene bisamino- 
methylene camphor (XVII) and anilinomethylenecamphor-4-iminocamphor 
(XVI), striking results emerge: 





850 
c= n—¢ ~~ N=C laling 5780 
XV. CsHis < = \—* a i Colas - os -- 1609+5° (5) 
Je = CHNH ig DoN=C 
XVI. CgHy4 \ es a ot coths oe ee 627 °3 
1f/ ~\} 
C = CH-NH-—¢ -NH°CH =C 
XVII. CaHis Cl \— | . 1 DCelhs 587-5 (4) 
= O = 


aan CD NHC 
he ae 1 >CaHis = .. 6286 (5) 
O=C 

It is clear that if the conjugation of the azethenoid groups involving the 
carbon atoms of the terpene nucleus and the nitrogen atoms of the side chain 
is broken (XV XVIII), depression in rotatory power is phenomenal. The 
effect is much less marked if the conjugation in the side chain (i.e., outside 
the terpene nucleus) is broken (XV—> XVII). In the case of XVI, the conju- 
gation is more complete, if we count from the N = C side—a fact which may 
account for its slightly higher rotation than that of XVII; in the latter case, 
the conjugation is broken at both the dotted lines. 


(iv) Position Isomerism and Rotatory Power: The sequence of the 
rotatory power of the position isomerides of aminoanilinomethylene- 
camphors is p > Un>~m in all solvents; and for acetylaminoanilino- 
methylenecamphors, it is Un> p> m. This is in partial agreement with the 
electrostatic modification of Thomson’s rule as suggested by Rule,? which 
predicts for a negative substituent, the rotatory power of the different 
position isomerides as p> m> Un> o. 


XVIII. CgHy, 


It is found that the order of decreasing rotatory power in different 
solvents for all the compounds studied in the present communication is 
methyl alcohol > ethyl alcohol> acetone> pyridine> chloroform> ben- 
zene, for all wave-lengths between A= 5086 A.U. and 6708 A.U. The 
sequence of dielectric constants of the solvents is also the same. 


From Table A, we also notice that if we compare Ko, the numerical 
value of * absolute rotation, for the different compounds in different solvents, 
the sequence of the decreasing values of Ky is the same as that of their 
dielectric constants, 
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These compounds, like other condensation products of bases with 
oxymethylenecamphor described in previous communications (* ® * > 8) 


are without exception, found to obey the simple dispersion equation of 


K 
Drude, [a] = ¥— A ” 















































TABLE A 
[a] fig secs 
> o 
Compound MeOH | EtOH Acetone | Pyridine | Coeeetam Benzene 
a. Ri=CH-NH-K > a ..| 480-0 | 451-3. | 448-9 | 433-2 424-6 367°1 
wat (86-78)¢| (81-83) | (83-08) | (81-21) | (78-57) (70°71) 
1 R=CH-NH-_> | 454-4 | 439-9 | 442-3 | 405-8 384+8 352-6 
—tu, (85-21) | 81-02) | (82-31) | (80-48) | (68-55) | (71-37) 
il. R=CH:NH-€_CHy ..| 465-0 | 440-8 | 425-8 | 401-6 401-6 355-4 
W, R=CH:-NH-X > ..| 388-5 | 384-7 | 388-0 | 374-4 | 381-4 | 363-6 
ha (63-14) | (62-47) | (63-65) | (63-70) | (61-22) | (60-73) 
v, R=CH-NH-< Cl ..| 417-7 | 406-3 | 401-8 | 394-4 374-6 359-4 
Vi. R=CH:-NH- ‘Br ..| 361-1 355°6 360°6 | 348-8 324+3 291-9 
VIL R=CH'NH-€ > . a 354-0 | 348-4 | 334-3 324-1 279-3 
ra i (63-49) | (64-66) | (59-17) | (56-74) | (54-50) 
Vl. R=CH-NH- I ..| 338-1 | 325-9 | 326-5 | 318-4 300-0 258-6 
“Weal (58-99) | (54-25) | (55-22) | (54-92) | (54-46) | (47-82) 
IX. R=CH-NHX ..| 328-5 | 319-5 309-7 | 294-8 279°1 251-1 
WV (60-38) | (58-49) | (57-57) | (53-64) | (51-12) | (47-59) 
X. R=CH'NH _ NH: ..| 484-8 | 475-1 | 461-8 ‘ 428-8 
Xl. R=CH-NH ..| 437-4 a 407-2 406-8 393-1 349-3 
Ku (75-32) a (73-30) | (73-55) | (68-45) | (60-16) 
es: 2 
Xl. R=CH:NH-( N(CH), ..|-- 455-9 | 450-9 | 420-1 420-0 ” 
<> ” ‘4 (71-60) | (71-45) | (..) i (2) 
XIlL R=CH:-NH > ..| 385-0 371-7 357°4 353-8 350-3 
—~{H-COCH, (69:10) | (66-65) | (63-81) | (62-81) | (58-32) 
XV, R=CH-NH NH:COCH,| 408-8 | 400-6 | 389-9 384-7 377-5 a 
a (66:60) | (67°83) | (67-27) | (62-97) ia iJ 
“For optical data for compounds I— IX, see reference ('). 
; i. 
R = CHC, 
‘ Figures within brackets refer to the numerical value of Ky of the Drude equation, [a] = wos referred 
0 on page 283 of the theoretical portion, i.e., fora, when a = 4/}25 41. 
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Physical Identity of Isomers 


The values of rotatory power of d- and /- forms in different solvents 
(Tables I-V) are identical within limits of experimental error. Out of 136 
observations now recorded, in as many as 128 cases, the difference in the 
numerical value of the specific rotatory power of the opposite isomers corres- 
ponds to a difference of less than 0-01° in the observed angle of rotation and 
in the remaining 8 cases, the corresponding angle lies between 0-01° and 0-02°, 
which is the limit of experimental error allowable in such measurements. 
This further supports Pasteur’s principle of molecular dissymmetry, accord- 


ing to which the two forms, dextro and /evo, must possess equal and opposite 
rotatory power. 


The melting point of the racemic form of m-acetylamino-anilinomethy- 
lenecamphor is higher than that of the optically active isomers. This form 
is a true dl-compound, at least, in the solid state. 


Examples of racemic forms having identical melting points with those 
of the active forms are very rare. A few examples have already been cited 
in previous communications (**» ®). In the present paper, we record 
four more similar instances, viz., p-acetylaminoanilinomethylenecamphors, 
m.p. 226-27°; aminoanilinomethylenecamphors:—meta, m.p. 64-65°, and 
para, 163-64° respectively and p-dimethylamino-anilinomethylenecamphors, 
m.p. 169-70°. 

Experimental 


General Method of Preparation.—The solution of the free base (1 mol. 
proportion) in glacial acetic acid, is added to a solution of oxymethylene-d- 
camphor (1 mol. proportion) when a precipitate usually separates; if not, 
it is diluted with water; in case any oil separates, it is left overnight when it 
usually solidifies. It is then crystallised out of methyl alcohol or any suit- 
able solvent (charcoal). 


The /evo and racemic compounds described in the present paper were 
prepared in the same way as the corresponding dextro isomers and have the 
same crystalline form and similar solubility. 


m-Acetylaminoanilinomethylene-d-camphor, m.p. 211-13°, shining white 
needles. [Found: C,-73-03; H, 7:94; Ci,H2sN.O. requires C, 73-07; H, 
7-69; and N, 8-97 per cent.]. It is very soluble in pyridine, ethyl alcohol 
and methyl alcohol; less so in chloroform and acetone; sparingly soluble in 
benzene. The /-form, m.p. 211-13°. [Found: N, 9-09.] The dl-form, 
m.p. 216-18°. [Found: N, 9-00.] 
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Acetylaminoanilinomethylenecamphors (mand p) were hydrolysed by 


refluxing with 10-12 per cent. alcoholic potassium hydroxide solution, on the 
water-bath for three hours :— 


m-Aminoanilinomethylene-d-camphor, yellowish brown crystalline powder 
(crystallises when left in vacuum for a week), m.p. 64-65°. [Found: C, 
75:36; H, 8:36; and N, 10-66. C,,H.2N,O requires C, 75-54; H, 8-15; and 
N, 10°37 per cent.]. It is freely soluble in the ordinary organic media. The 
l-form, m.p. 64°-65°. [Found: N, 10-47.] The dl-form, m.p. 64°-65°. 
{[Found: N, 10-°50.] 


p-Aminoanilinomethylene-d-camphor, yellow needles, m.p. 163-164°. 
(Found: N, 10°45. C,;HegN,O requires N, 10-37 per cent.] It is freely 
soluble in the ordinary organic solvents. The /-form, m.p. 163-64°. 
(Found: N, 10-46.) The dl-form, m.p. 163-64°. [Found: N, 10-54.] 


p-Phenylenebisaminomethyl:necamphor (meso or internally compensated) 
was prepared by condensing p-amino-anilinomethylene-/-camphor (m.p. 
163-64°) with oxymethylene-d-camphor in the usual way and was crystal- 
lised out of a mixture of chloroform and absolute alcohol as light yellow 
needles, melting at 269-70°. [Found: N, 6°67; CysH3,N,O, requires N, 
6:48 per cent.]. It is somewhat soluble in chloroform and _ pyridine; 
sparingly soluble in other ordinary solvents. On polarimetric examination 
the solution of the substance in pyridine was found to be inactive. 


Anilinomethylene-d-camphor-4-imino-d-camphor was prepared by con- 
densing p-aminoanilinomethylene-d-camphor (m.p. 163-64°) with d-cam- 
phorquinone on the water-bath in presence of fused sodium sulphate, and 
obtained as brown amorphous powder from methyl alcohol, melting 
at 269-70°. [Found N, 6°88; C.,H3,N.O2 requires N, 6-70 per cent.]. It 
is sparingly soluble in the ordinary organic solvents except pyridine. 


p-Dimethylaminoanilinomethylene-d-camphor, shining yellow fine long 
needles, m.p. 169-70°. [Found: C, 76-38; H, 8-92 and N, 9-60. C,,H2.N,O 
requires C, 76-51; H, 8-73 and N, 9-40 per cent.] It is freely soluble in the 
ordinary organic solvents. The /-form, m.p. 169-70°. [Found: N, 9-49.] 
The dl-form, m.p. 169-70°. [Found: N, 9-46.] 


The rotatory power determinations were made in a 2-dcm. jacketed tube 
at 35°. The value of Ay, calculated from the dispersion formula, is given in 
the tables and is expressed as p» or 10-* cm. 
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Summary 


Aminoanilinomethylenecamphors (mm and p) have been prepared by 
hydrolysing the condensation products of amino-acetanilides (m and p) with 
oxymethylenecamphors (d, /, dl). p-Aminodimethylaniline has also been 
condensed with oxymethylenecamphors. The rotatory power of these com- 
pounds is, without exception, found to obey the simple dispersion law of 
Drude, [2] = me 

In the investigations of the effect of constitution on the rotatory power, 
much difficulty is often met with if we confine the comparison to a single 
wave-length. For compounds which exhibit simple dispersion, we may 
overcome this difficulty by comparing the values of their ‘absolute specific 
rotation’ which are numerically equal to k’s of the Drude equation, when 
A= VA,? + | (always in the infra-red region): Ags being the absorption bands 
of the compounds. 

From such a study we notice that the polar effect of a substituent group 
is traceable in the optical activity of these compounds. The substituent 
influence of the different groups in the order of their decreasing rotatory 
power is represented by NH,>N (CH;).>H>CH;>CI>Br>I, which 
agrees well, subject to minor variations, with the polar series as well as with 


the sequence of the dissociation constants of the substituted anilines, with 
which oxymethylenecamphor is condensed. 


The effects of solvents and position isomerism on optical activity are also 
discussed. 


A grateful acknowledgement is made to the Government of Bihar in the 
Ministry of Education for the grant of a Research Scholarship to one of us 
(B. B.), which enabled him to take part in this investigation. 
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TABLE [ 
m-Acetylaminoanilinomethylenecamphors 
Solvent: | Ethyl alcohol Methyl alcohol Acetone Chloroform | Pyridine 
—_—_—_—_—_—__—_— } 
Concentration d| 0-4076 0-4000 0-4044 0-4052 | 0-4000 
2/100 c.c. 0-4020 0-4052 0- 4000 0-4020 0-4060 
| 66°65 69-10 63°81 58-32 | 62°81 
———E—— » Ss es ~- ed ° 
Calculated = [a] | + \a=o-1789 | * 92—0-1189| * Q2—0-1195| * 47—0-1313| * 320-1202 
o | 0-3448 03448 0-3457 0-3623 0-3467 
Line | Obs. [a] Obs. [a] Obs. [a] Obs. [a] | Obs. [a] 
d l d 1 d l d 1 d 1 
: ae ..|4477+3° —476-3°|+493-8° —494-8°| +.458-8°—457-5°|-+455-3°—456-5°|+453-8°—453-2° 
ie ..| 438°0 437-8| 455-0 453-0] 420-4 420-0] 417-1 416-6| 415-0 416-3 
ae ..| 371°7 370-8 | 385-0 385-0] 357-4 357-5 | 350-3 349-5 | 353-8 352-2 
ie ss ..| 309°2 309-7] 321-3 322-0] 296-8 296-3] 287-5 287-3] 293-8 294-4 
ie ..| 292-0 291-1] 301-3 302-6] 279-5 280-0] 269-0 270-0} 275-6 277:1 
oe (8 ..| 262°5 262:5| 272-5 272-6} 252-3 252-5] 241-8 241-3] 248-8 248-8 
are ..| 225-7 225-2| 233-8 234-5! 216°5 216-3; 206-1 206-5| 213-8 213-1 
ae ve ..| 201-2 201-5 | 208-8 208-6| 192-9 192-5] 182-6 182-8] 190-0 190-9 
No mutarota- No mutarota- No mutarota- | Solution turned | No mutarota- 
tion | tion tion yellow, and tion 
showed muta- 
rotation 
TABLE II 
m-Aminoanilinomethylenecamphors 
Solvent: | Acetone Methyl alcohol Benzene Pyridine | Chloroform 
Concentration | 0-4040 | 0:4012 | 0: 4008 04056 0-4044 
g/100 c.c. 1} 60-4000 0-4052 | 0-4060 0-4000 0-4000 
oe 73-30 75-32 60°16 -73+55 68-45 
Calculated [a] | + Ya=9-7183| * 32—0-1200| * ~j2—0-1263| * 27—0-1173| * 320-1244 
ih | 0-3439 0-3550 03554 0-3425 0+3527 
Line Obs. [a] | Obs. fa] | Obs. [a] Obs. [a] | Obs. [a] 
| 
l l 
d l d I d 1 d l d 1 
Cdsoyg ss . [4522+ 3°—522-5°|4-567°1°—566-5°14+455-3°—454-4°| .. ..  |+509-5°~510-0° 
ABsoo9 ss 1" 479-1 478-8 | 519-7 518-3 | 415-3 415-0 | ae 466-2 466-3 
His =k "|| 407-2 407-5 | 437-4 438-0| 349-3 349-8 |4+406-8°—407-5°| 393-1 392-5 
Heigl ‘| 339-2 338-8| 361-4 361-6| 289-4 289-5 | 339-0 338-8| 326-4 326-3 
Nasgyg ""| 320-5 320-0| 340-3 340-6] 271-9 272-2 319-3 320-0| 307-8 307-5 
Lisigg mt ..| 288°4 288-8 | 305-3 306-0] 244-5 243-9 | 288-5 287-5| 274-6 276-3 
Cig =k ..| 2463 247-5 | 260-4 260-4] 208-3 208-2 | 246-6 247-5 | 236-2 235-0 
Ligtog ‘is ..| 221-5 221-3 | 233-0 233-2] 185-9 186-0 | 221-9 221-3] 210-3 210-0 
No mutarota- No mutarota- No mutarota- | The solution »>| No mutarota- 
tion tion tion | changed to tion 
| scarlet red, but 
exhibited no 
mutarotation. 
ie | x me eS as 
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TABLE III 


p-Acetylaminoanilinomethylenecamphors 





Solvent: Methyl alcohol 


Pyridine | Ethyl alcohol Acetone 


0-4012 
0-4048 





Concentration d 


2/100 c.c. Tt 


—————EE - 1 
| 0-4016 
| 0-4060 





[al 66-60 
=| * Joana * 
ie 0- 3676 


62-97 
A?—0- 1339 


Calculated 





Chloroform 





Line Obs. [a] 


| 
| 
0-3759 | 
| 


Obs. [a] Obs. [a] 








d l 


}+518-9°—521 
475-0 473 
400-6 400 
328-7 328 
310-0 310 
21676 2TT- 
236°9 237 
210°9 = 210- 


N—COm INN 


NEAIBAA 
CUNASwHOoN 














| | | 

| | 

| No mutarota- 
tion 


| No mutarota- 
tion, but solu- 


| No mutarota- 
| tion turned 


| 

eae 
tion tion 
} 





scarlet red on 
keeping 


| 


No mutarota- 





+-377-5°—377-} 
308-2 30753 

The solution 
exhibited rapid 
mutarotation; 
the initial 
values, 
[a] Hg5401= 
377-5° and 
[a] Hgs791= 
308-2° chans- 
ing to 352:7° 
and 289-6° res 
pectively in 
course of two 
hours. Hence 
readings with 
other lines wert 
not taken 
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TABLE IV 


p- Dimethylaminoanilinomethylenecamphors 





Solvent: Ethyl alcohol Acetone Pyridine 


Concentration d 0-3992 | 0-4048 
g/100 c.c. | 0-4036 0-4012 
ee  7- 60 
“a {a] | = — 2. te t, ——— = _— 3 fhe 1204 
Calculated — | A? —0° 1414 A2—0- 1395 
a" | 0-3760 | 0-3735 


— —— | 


Obs. [a] _ “Obs. [a] 


d d ! 


-610-0° —611-0° 2 ag e ae 
455- 456-0 +450-9° -449-9° | +420-1° -~418-8° 
370: 371-8 | 366-9 367-6 | 337-5 336-3 
348 - 347: 343-4 344-0 | For 0-40 per cent. 
309- 309- 306-3 305-5 | chloroform solution, 
263: 261-: 5 =" | [a] H&sqg1== + 420°. 
yt eM 232. 231-0 230-6 | Asthe solutions in 

No mutarotation | The solution turned deep | pyridine and chloroform 

red on keeping, hence | turned scarlet red imme- 

Cd and Ag lines could | diately, the readings were 

not be read. | taken with much diffi- 
culty. The change in 
benzene is se rapid that 
readings could not be 
taken. 


TABLE V 


p-Aminoanilinomethylenecamphors 
<a a 
Concen- d | [a] [a] 
Solvent : tion or | Hg5461 H8s5-a0 Remarks 
| g/100 c.c. 


Methylalcohol .. -4012 | +484- +397: The solutions of the substances in 

‘ a -4040 | _483- ° these solvents turned deep red 

Ethyl alcohol - +4020 } +475: “7 immediately, or after some time. 

‘ ce - 4064 475- , Hence rotatory dispersion could not 

Acetone ‘- -4028 +461-8 +-378- be studied for more than two lines. 

aS os -4000 -462:: -378- In pyridine the change was so rapid, 
Chloroform ae -4000 +428: L ° that no readings could be taken. 

a *4056 ~427: 
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TABLE VI 


Anilinomethylene-d-camphor-4-imino-d-camphor 





Solvent : Concentration [a] 
g/100 c.c. Hgs7a9 | Stronger solutions could not be read, and read- 


ings with other lines could not be taken as the 
Pyridine oan 0-0972 +-627:3° solution turned deep red at once. The readings 
j in other solvents could not be taken on account 

of its sparing solubility in them. 
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